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…Y a mí enterradme sin duelo entre la playa y el cielo... 
en la ladera de un monte, más alto que el horizonte… 
Cerca del mar…  
Porque yo nací en el Mediterráneo.  
 
 Joan Manuel Serrat 
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THIS IS YOUR LIFE. 
Do what you LOVE, and do it OFTEN. 
If you DON’T LIKE something, CHANGE IT. 
If you DON’T LIKE your job, QUIT. 
If you DON’T have enough TIME, STOP watching TV. 
If you are looking for the love of your life, STOP. They will be waiting for you when 
you start doing things YOU love. 
STOP OVER ANALYZING. LIFE IS SIMPLE. 
OPEN YOUR MIND, ARMS and HEART to NEW things and people. We are united in 
our differences. 
Some OPPORTUNITIES only come ONCE, seize them. 
TRAVEL OFTEN: getting lost will help you to FIND YOURSELF. 
All EMOTIONS are BEAUTIFUL. 
When you EAT, APPRECIATE every last bite. 
Ask the next PERSON you see what their PASSION is. SHARE your ispiring DREAM 
with them. 
LIFE IS ABOUT THE PEOPLE YOU MEET and the THINGS YOU CREATE WITH 
THEM, so go out and start creating. 
Life is short, LIVE YOUR DREAM and SHARE YOUR PASSIONS. 
 
“The Holstee Manifesto” 
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The work presented in this thesis focuses on the design and synthesis of 
Supramolecular Hosts. 
Three different classes of receptors are shown for ion pair binding. In particular, a 
new family of aryl-extended calix[4]pyrroles with two and four phosphonate 
groups have been synthesized for the complexation of ion-pairs. Likewise, the 
design and synthesis of functionalized triazolophanes for inclusion of linear 
polyatomic anions is presented. 
Derivatives of calix[4]pyrroles have been also 
prepared for the selective inclusion of the high 
energy conformer of N-methylmorpholine N-oxide. 
The value of the inclusion is tested by studying the 
modification of the reactivity of the N-oxide in 
reactions in which it is usually used as sacrificial 
oxidant. 
 
Finally, the design and synthesis of resorcin[4]arene-
derivatives capable to include neutral and ionic 
species and able to work as ligands for 
supramolecular catalysis are presented. 
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1. 1 Introduction  
 
Supramolecular Chemistry has evolved extraordinarily since Lehn established its 
importance in the late 80s.1 Nowadays, the host-guest chemistry has grown away 
from its limited lock-and-key image to cover a huge variety of interesting fields 
with fascinating potential and real applications.2 Its original labeling as “Chemistry 
of Life”, since the use of weak and reversible forces evokes the supramolecular 
interactions occurring between proteins, has assumed a more complex personality 
with more versatile topics, which have promoted a quick development and a 
parallel increasing interest in the scientific community. Among the wide range of 
applications of supramolecular chemistry, the development of new pharmaceutical 
therapies by understanding the interactions at a drug binding site has been one of 
the most important in the biological field.3 More recently, this singular branch of 
chemistry has also gained interest in the development of new materials for 
nanotechnology applications.4 In this line, molecular machines represent the most 
interesting evidence of synergy between supramolecular chemistry and 
nanotechnology.5,6,7 Key applications of “non-covalent” interactions established 
between molecules include also the design and constructions of catalysts, 
polymers and sensors8,9,10 as well as the creation of encapsulation systems like 
molecular capsules, micelles and dendrimers able to create microenvironments 
suitable for catalytic reactions.11 
This thesis deals mainly with Supramolecular Host Design. Accordingly, this work 
has been organized to show its application in three different areas of interest in 
supramolecular chemistry studies: Ion Pair Binding, Molecular Inclusion and 
Supramolecular Catalysis.  
Ion-Pair Receptors 
The design and synthesis of ion-pair receptors represent an area of significant 
future growth in supramolecular chemistry due to their potential applications as 
membrane transporters, salt solubilisation agents and sensors.  In solution, 
broadly speaking, we can distinguish three different states of ion-pairs.12 In polar 
solvents, particularly in aqueous media, solvation energy overcomes the 
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electrostatic mutual attraction of ion pairs and hence the predominant species are 
solvent-separated ion pairs. This ion solvation is particularly advantageous in 
organic synthesis for example, where dipolar, aprotic solvents such as acetonitrile 
are used to effectively solvate cations, leaving reactive anions relatively free to 
undergo reactions such as nucleophilic substitution with a substrate (also known 
as naked anion effect). In less polar media, ions are often poorly solvated and form 
either contact ion pairs, in which an individual pair of oppositely charged ions are 
directly bonded via electrostatic interactions or aggregated contact ion pairs in 
which a number of ions form a small cluster which is itself solvated by the 
surrounding medium. The binding anions or cations in non-polar media involve a 
considerable enthalpic cost associated with breaking the interaction of the contact 
ion pair. This is confirmed by the different order of magnitude determined for the 
values of ion-pair dissociation constants (Kipd) in solvents of different polarity 
(Figure 1.1). For example, in non-polar chlorinated solvents, tetra-alkyl ammonium 
salts R4N+X- [(R) Me, n-Pr, n-Bu; (X) PF6, B(C6H5)4, ClO4, Cl, SCN] exhibite an ion-
pair dissociation constant values in the range of 10-4 to 5 x 10-5 M-1. On the 
contrary, in more polar solvents like acetonitrile the Kipd values estimated for the 
same salts are of the order of 2-4 x 10-2 M-1, that is two to three orders of 
magnitude larger. Finally, zwitterions can also be considered as intramolecular 
ion-paired species, since they are neutral molecules with both positive and 
negative parts. The classic examples of zwitterions are the amino acids in which 
the carboxylic acid group generally protonates the amine moiety.  
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Figure 1.1. Ionic species involved in apolar (mainly ion-pair) and polar (mainly dissociated ions) 
solvents.  
Over the past thirty years, a large number of macrocyclic receptors have been 
synthesized and evaluated for their abilities to bind cations.13,14,15,16,17,18 More 
recently, increased attention has been directed towards the development of 
receptors for anions and ion-pairs.19,20,21,22,23,24  Compared to simple ion receptors 
(monotopic receptors), which are able to bind either a cation or an anion, ion-pair 
receptors (heteroditopic receptors) might offer considerably advantages in term of 
affinity and selectivity.  In many cases, ion-pair receptors display enhanced affinity 
with respect to simple ion receptors, as a consequence of the existence of direct or 
indirect cooperative interactions between the co-bound ions. Ion-pair receptors 
can be formed by a binary mixture of a monotopic cation receptor with a 
monotopic anion receptor (dual receptor strategy) or by a single molecule ditopic 
receptor with defined cation and anion binding sites (ditopic receptor strategy). 
For clarity, we described below one example for each kind of strategy.  
On the one hand, Parisi et al.25 demonstrated that the effective binding of targeted 
ion-paired organic salts (like N-acetyl-lysine methyl ester hydrochloride) can be 
achieved by a suitable combination of cationic (calix[6]arene derivative 1) and 
anionic (calix[6]pyrrole derivative 2) receptors (Figure 1.2). The observed 
synergic factors can be ascribed to the assisted dissociation of the ion pair by a 
combined action of the two receptors. The authors stated that as a result of the 
negligible electrostatic interaction between the charged components of the salt 
when confined in the cavity of their complementary host the conditional 
association constants measurable by this approach may be regarded as close to 
those expected in an ideal case where the counterion is absent.  
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Figure 1.2. Binary 1:1 host system formed by the cationic N-Ac-Lys-OMe ∙ H+ @ calix[6]arene 
receptor 1 and the anionic Cl¯ @ calix[6]pyrrole receptor 2. 
On the other hand, an interesting unimolecular heteroditopic receptor based on a 
calix[4]arene bis(benzo-15-crown-5) molecule 3 (Figure 1.3) was reported by 
Beer et al.26 In polar organic solvents, the potassium cation complexed by the 
calix[4]arene receptor  3 enhances the strength of the binding of chloride, 
benzoate and dihydrogen phosphate anions via favourable preorganization and 
electrostatic effects. The multitopic properties of this receptor will be described 
later. 
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Figure 1.3. Calix[4]arene-based heteroditopic receptor 3 reported by Beer and co-workers.  
Ion pair receptors achieve anion recognition mainly through hydrogen bonding 
donors27 (urea, amide, hydroxyl groups, imidazolium or pyrroles units), Lewis 
acidic sites28 (boron, aluminium and uranyl) and positively charged 
polyammonium groups29. In contrast, the majority of ion pair receptors afford 
cation recognition through lone pair electron donors like crown ethers and π-
electron donors such as functionalized calixarenes30. Our attention focused on ion 
pair receptors based on pyrrole units since they constitute the starting building 
block for some of the receptors described in this thesis.  First described in 1886 by 
Baeyer,31 the tetrapyrrolic macrocycle 4 (Figure 1.4), called calix[4]pyrrole, was 
found in 1996 by Sessler et al. to be able to bind certain anions in organic 
solvents.32 In 2005, Moyer, Sessler, Gale and coworkers confirmed that 
calix[4]pyrrole 4 can act as an ion pair receptor for various cesium salts and 
certain organic halide salts in the solid state.33 X-ray crystal structures of several 
cesium and organic cation-containing anion complexes of calix[4]pyrroles 4 
revealed that the anions are bound to the pyrrolic NH protons via hydrogen bonds. 
These interactions induce the calix[4]pyrrole core to adopt the cone conformation 
in solution and provide an electron rich bowl-shaped cavity opposite to the bound 
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Figure 1.4. meso-Octamethylcalix[4]pyrrole 4 
Further evidence that calix[4]pyrrole 4 is effective for ion pair recognition came 
from liquid–liquid extraction studies carried out by Wintergerst et al.34 This study 
demonstrated that compound 4 can extract CsCl and CsBr, but not CsNO3, from an 
aqueous phase into nitrobenzene, a relatively polar organic phase. The solvent 
extraction process was modeled in terms of three thermochemical steps (Figure 
1.5).  
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Figure 1.5. Proposed thermodynamic steps used to model cesium salt extraction by calix[4]pyrrole 
4. Copyright 2008 of American Chemistry Society. 
The first one involves a partitioning of the cesium cations and the halide anions 
into the nitrobenzene phase from the water phase. The second step involves a 
conformational change of the calix[4]pyrrole in order to adopt the cone 
conformation, a geometry it maintains as the result of halide anion binding. The 
final step involves the cesium cation binding within the bowl-shaped calix cavity 
created as the result of the conformational change taking place in step 2. These 
steps can take place concurrently, so calix[4]pyrrole 4 binds both the cesium 
cation and a halide anion (Cl- or Br-). 
Very recently, transmembrane anion transport experiments were carried out with 
calix[4]pyrrole 4.35 It was found that this simple-to-obtain receptor transports 
CsCl across phospholipid bilayers with significant selectivity and with an enhanced 
efficiency relative to other alkaline chloride salts. Such findings supported once 
again that calix[4]pyrrole 4 acted as an ion pair receptor under appropriate 
conditions. 
The advantage of creating heteroditopic receptors over monotopic ones relies on 
the consequent stronger binding, following the heuristic principle that “binding 
both is binding better”.36 Higher binding constants are measured for the complexes 
derived form heteroditopic receptors, especially in low dielectric constant media. 
However, due to the general use of a simplified binding model, which does not take 
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into account the dissociation of the ion-pair nor the formation of an ion-paired 
complex, the experimentally determined magnitudes for the binding constants of 
the complexes with monotopic and heteroditopic receptors vary significantly upon 
receptor concentration, the specific ionic guest (type of salt used as anion 
precursor), the cation concentration, and the nature of other ions present in the 
medium. Ion-pair binding can occur in a sequential or concurrent way affording an 
analogous ion-paired complex.37 In the case of sequential binding, the receptor can 
bind one ion of the ion pair on its own. Once bound, this first ion enhances the 
affinity for the other ion of the ion pair through an allosteric effect or by providing 
an additional binding driving force, commonly a direct or solvent-mediated 
electrostatic interaction with its counter ion. In this first design, we can include 
cascade complexes (Figure 1.6-a). By contrast, in the case of concurrent ion pair 
binding, the receptor literally forms a simultaneous complex with the anion and 
cation of the ion pair. Typically, this results in a complex where the two ions of the 
ion pair are in direct contact or spatially separated via one or more molecules of 
solvent or by the receptor skeleton. Ditopic receptors for separated ions (Figure 
1.6-b) can experience a conformational change after the binding of the first ion that 
improves the affinity for the counter-ion. However, the Coulombic penalty that 
must be paid to enforce charge separation affects the affinity of the ion-pair 
binding with regard to the receptors for associated ion-pairs (Figure 1.6-c). 
Subsequently, ion-pair recognition can be dramatically enhanced by binding a 
contact ion pair.  
 
Figure 1.6. Common designs of ditopic receptors: a) Cascade complex. Heteroditopic receptor for 
separated ion pairs (b) and contact ion pairs (c).37 
An alternative but analogous way of classifying ion pair receptors is based on the 
binding geometry adopted by the bound ion pair.38 In this context three different 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 







binding modes can be defined. These limiting modes are depicted in Figure 1.7 and 
differ in how the ion pair is held within a host molecule. The first involves a contact 
ion pair, wherein the anion and the cation are in direct contact (Figure 1.7 a); the 
second, called solvent-bridged ion pair, is where one or more solvent molecules 
bridge the gap between the anion and the co-bound cation (Figure 1.7 b), while the 
third one consists of a host-separated ion pair, wherein the anion and the cation 
are bound relatively far one from another, usually by the receptor framework 
(Figure 1.7 c).  
 
Figure 1.7. Limiting ion-pair interactions relevant to receptor-mediated ion-pair recognition: (a) 
contact, (b) solvent-bridged, and (c) host separated. 
Calix[4]pyrrole–calix[4]arene linked receptor 5 (Figure 1.8) constitute a rare 
example of ion pairs host that is able to adopt the three different recognition 
modes referred above.39 The preferred recognition mode is determined by the size 
of the ion pair, in particular by the size of the anion, while the same cation is used 
(i.e. cesium). When the anion is fluoride, CsF binds to receptor 5 as a solvent-
separated ion-pair with a water molecule bridging the cation and the anion. The 
recognition of Cs+ or F only takes place when both ions are present in solution 
(Figure 1.8-a). In contrast, when the anion is chloride an unusual 2:2 complex (52 · 
(CsCl)2) is observed, featuring two different binding modes in the solid state. One 
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of these consists of a contact ion pair with the cesium cation and chloride anion 
both included within the central binding pocket and in direct contact with one 
another. The other mode involves a chloride anion bound to the pyrrole NH 
protons of a calix[4]pyrrole subunit and a cesium cation sandwiched between two 
cone shaped calix[4]pyrroles originating from separate receptor units. Thus one of 
the complexes observed in the solid state is a solvent-loosened contact ion pair. 
The other binding mode observed for CsCl is the receptor separated ion-pair 
shown in Figure 1.8-b. Finally, in presence of the largest ion pair CsNO3, 5 acts as 
contact ion pair receptor (Figure 1.8-c). 
 
Figure 1.8. Three different ion-pair binding modes for receptor 5. a) Solvent-separated CsF ion pair 
CsF·H2O5; b) hots separated CsCl ion pair CsCl@5; c) contact CsNO3 ion pair CsNO35. 
As briefly discussed above, ion-pair recognition is more complex than simple anion 
or cation recognition processes, since a higher number of equilibria are involved 
(Figure 1.9). The receptor can bind the anion (K1) or the cation (K2) separately as 
well as the ion pair (K3). However, while the apparent constants K1 and/or K2 are 
independent of the counterion, concentration-dependent fluctuations are observed 
in the K3 values (also named experimental constant Ka,exp) attributable to ion 
pairing. Competing ion pairing may also occur outside the receptor (Kip), leading to 
precipitation of the ion pair itself. This last competing ion pairing and precipitation 
is quite common in non polar solvents, where ion-pairing effects are stronger. 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 








Figure 1.9. Simplified diagram illustrating the various equilibria that can exist in an ion-pair 
binding system. (X- : anion; M+ : cation; L : host). 
Moreover, cooperativity can also play an important role in an ion-pair binding 
system since there is more than one binding site. The simplest situation is 
represented by non-cooperative binding where each ion binds independently of 
the other. In this case K3 depends on K1 and K2. This occurs when the cation and 
the anion binding sites are rigid and separated either spatially or by solvent to 
prevent direct interactions between the cation and anion. Anticooperative binding 
occurs when the binding of one ion inhibits the binding of the other, whereas 
cooperative binding is observed when the binding of one ion enhances the binding 
of the other. Consequently, K3 is smaller than the sum of K1 and K2 for 
anticooperative binding, and larger for cooperative binding. We are used to 
associate ion-pair binding to receptors that successfully exploit cooperativity40, 
either if they are heteroditopic receptor for separated ion-pairs or for contact ion-
pairs. However, there are also cases, though less common, in which the receptor 
displays both cooperative and anticooperative binding depending on the nature of 
the ion pair. It is the case of the calix[4]arene-based heteroditopic receptor 3 
reported by Beer and co-workers and depicted in Figure 1.3. In this receptor the 
binding of chloride anion to the amide groups is enhanced 10-fold in the presence 
of potassium cation (Figure 1.10-a). This cooperative binding is attributed to the 
potassium-induced conformational change, which preorganizes the amide groups 
forming the 1:1 potassium/bis-(benzo[15]crown-5 ether) complex, favouring the 
existence of attractive electrostatic interactions between the anion and the cation. 
Conversely, anticooperative binding is observed in presence of two sodium cations 
bound to the individual crown ether moieties, because electrostatic repulsive 
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interactions established between the two complexed sodium cations prevents the 
conformational change (Figure 1.10-b). 
                      
Figure 1.10. Calix[4]arene-based heteroditopic receptor 3: a) Cooperative binding of KCl and b) 
anticooperative binding in the presence of two sodium Na+. 
The solvent in which the ion-pair recognition event takes place can also affect to 
cooperativity (Figure 1.1). Thus, receptor 6 binds fluoride in its calix[4]pyrrole 
anion binding cavity in CDCl3. No evidence of fluoride binding is observed in a 
more polar system like 9:1 CDCl3/CD3OD, due to the stronger solvation of fluoride 
anion. However, in presence of a cesium cation bound within the crown ether 
binding unit fluoride complexation is observed again, even in 9:1 CDCl3/CD3OD 
solvent mixture. The binding of the two ions was also found to be non-cooperative 
in CH3CN because of the high polarity of the solvent.41 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 








Figure 1.11. Receptor for CsF ion pairs reported by Sessler and coworkers. 
All these examples suggest that although ion-pairing makes the understanding of 
the binding processes more complex, it cannot be excluded when studying these 
systems in apolar environments. The current literature on binding of ion pairs with 
ditopic receptors is essentially based on 1) crystallographic evidence, which 
demonstrates the existence of ion-pair complexes but not of cooperative effects, 2) 
transport through membranes or extraction from aqueous solutions, which is not 
necessarily dependent on cooperativity, and 3) binding studies in solution, that do 
not always allow a complete assessment of cooperativity. Usually the magnitude of 
the association constant related to the ion-pair complexation by a ditopic receptor 
is assessed by 1H NMR titrations in organic solvents. The chemical shift changes 
experienced by a single proton signal of one of the binding partners, normally the 
host, are analyzed using a theoretical 1:1 binding model to derive the binding 
constant value. The determined value is simply compared to the magnitude of the 
association constant similarly determined for the same ditopic receptor with the 
anion or cation of interest in the presence of an innocent counterion, neglecting 
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other equilibria (ion pairing, higher stoichiometry association, etc.) that may occur 
in solution. Such a simplified approach is limited for several reasons: 1) systems 
containing multiple species and/or higher stoichiometry complexes cannot be 
fitted to a 1:1 binding isotherm; 2) the comparison of a ternary ion pair/receptor 
complex with a binary ion/receptor complex is wrong, since they have different 
dimensionality; 3) a three-component species like an ion-paired complex should 
not be analyzed  using a two-species 1:1 binding model; 4) the counterion is not 
inert and should not be neglected. To overcome these limitations, new methods 
have been developed for a more detailed and quantitative analysis of the binding 
processes occurring during the ion-pair complexation with ditopic receptors.42,43,36  
Molecular inclusion and encapsulation 
The inclusion of molecules within molecules44 is a common technique used in 
pharmaceutical sciences to protect sensitive compounds and increase their 
stability and storage over time.45,46,47,48,49,50,51,52 A well-known example is 
represented by the encapsulation of drugs inside host molecules like 
cyclodextrins53. In the same vein, hemicarcerands have been studied as cages to 
stabilize highly reactive species54 like cyclobutadiene.55 In this way, species that 
would rapidly decompose or polymerize even at low temperature can be stored at 
room temperature inside its host. Likewise, the encapsulation of water sensitive 
species allows their isolation even in aqueous solution through hydrophobic 
catalysts.56 Many examples of guest encapsulation/inclusion have been reported in 
recent literature.57,58,59,60,61,62,63,64,65 Between them, the confinement of 
disfavourable conformations66,67 and the modulation of the reactivity of a guest 
with alteration of the modes of reaction in solution represent for us the most 
interesting ones68,69,70,71,72 and inspired the work presented in Chapter 5. Although 
the two recognition processes result similar, it is important to remark the subtle 
difference existing between inclusion complexation and encapsulation interaction, 
that lies in whether a guest is included in the cavity of a host or not. In particular, 
we refer to inclusion complexation when the interaction between the host and the 
guest occurs by complete or partially accommodation of the guest molecules inside 
the macrocycle. On the contrary, an encapsulation interaction occurs when the 
guest resides in the packing structure formed by host molecules.  
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The process of guest exchange in supramolecular systems consists in the 
substitution of a non-covalently bound molecule occupying the interior of a larger 
host molecule by a new guest molecule originally found in the bulk solution. The 
exchange process can occurs through an associative mechanism, where the bound 
guest is exchanged with a free guest or solvent molecule by means of a concerted 
process (SN2-like), or a dissociative mechanism, where the bound guest departs 
from the cavity yielding  an ‘empty’ assembly which is trapped by an incoming 
guest or a solvent molecule (SN1-like). Depending on the structure of the host 
molecule, a variety of mechanisms can be envisioned for the exchange process to 
take place following any of the two mechanisms. If the host molecule is held 
together by weak forces, rupture of the host can permit guest release or exchange. 
Conversely, if the host is held in a rigid structure, then guest exchange must occur 
by the guest squeezing through apertures in the host assembly. Three main 
mechanistic pathways have been identified to describe the movement of molecules 
to and from macromolecules: 1) trapping, 2) gating and 3) slippage.73  We describe 
below two well-known examples of guest exchange through a gating process in a 
covalently assembled host and in a hydrogen-bonded host complex.  
We already mentioned that the internal cavities of suitable hosts have been used to 
stabilize highly reactive species. A classic example is the photochemical generation 
of cyclobutadiene, (CH)4, inside of a hemicarcerand, leading to the first room 
temperature characterization of this highly reactive molecule. In order to 
understand the guest exchange pathway, Cram introduced the idea of constrictive 
binding to describe the steric interactions that must be overcome for guest ejection 
when the apertures of the host are smaller than the guest molecule itself.74 The fact 
that guests larger than the portals of the hemicarcerands (Figure 1.12) are able to 
exchange suggests that the apertures of the assembly are able to expand and 
contract to facilitate ingress or egress. In such an exchange pathway, smaller 
guests are able to exchange more rapidly as they require a smaller deformation of 
the host, whereas exchange of larger guests is retarded due to the required host 
deformation. 
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Figure 1.12 Hemicarcerand structure. 
Thermodynamically speaking, the constrictive binding energy is the free energy 
which must be provided to the system to reach the transition-state for guest 
dissociation from the encapsulated state minus the free energy associated with 
binding (ΔG‡constrictive = ΔG‡diss - (-ΔG°), Figure 1.13). 
 
Figure 1.13 Energy diagram for guest release. 
A two-steps guest dissociation mechanism has been proposed for these systems, in 
which the guest dissociates from the host capsule to leave an ‘empty’ host. This 
vacant cavity is either trapped by solvent or by the original guest molecule (SN1 
mechanism). Under low concentration of guest the large excess of solvent makes 
the guest–solvent metathesis essentially irreversible. The first order guest 
dissociation step is dependent on the identity of the solvent due to the ability of 
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the solvent to solvate the transition state for guest ejection. Van’t Hoff analysis of 
the hemicarcerand host–guest system revealed that guest encapsulation is both 
enthalpically and entropically driven. At first glance, the inclusion of a guest 
molecule inside of a host would appear to be entropically disfavored; however, this 
schematic is an oversimplification. If the encapsulation process requires complete 
guest desolvation, the solvent molecules that were restricted in motion due to 
guest salvation are released into the bulk solution. This phenomenon has been 
observed in both hydrogen bonding solvents and non-hydrogen bonding solvents. 
The topic of constrictive binding is not restricted to the specific hemicarcerands 
outlined above. Many other carcerands and hemicarcerands display this mode of 
guest exchange. The cohesion of the covalently linked host and the inability of the 
host itself to dissociate require that portals in the host expand to allow for 
sterically encumbering guests to exchange through the dilated portals. 
A nice example of gating in hydrogen-bonded hosts was reported by the Rebek 
group, creator of a variety of ‘sportsballs’ consisting of small identical subunits 
held together by rigid hydrogen bonds.75 Hydrogen-bonding dimerization 
processes have extensively been used by Rebek at al. in the creation of hosts 
possessing an interior cavity capable of encapsulating a variety of guest molecules. 
The resulting encpasulation complexes are stable in aprotic solvents since protic 
media generally disrupts the hydrogen-bonding networks that stabilize the host’s 
assembly. We describe here the famous example of Rebek and coworkers “tennis 
ball”, named in this way for its small size (internal volume 50–55 Å). When placed 
in apolar solvents (CDCl3) the two complementary bis-glycouril units dimerize by 
establishing eight N–H···O hydrogen bonds. Interestingly, the tennis ball is able to 
entrap small hydrocarbons, like ethane. In this complex, the conformational change 
of the seven membered ring creates a portal for guests to enter and exit the cavity 
(for this reason the exchange mechanism is called gating). Computational results 
are in favor of the dissociation–recombination mechanism of the host directing the 
guest exchange (Figure 1.14). 
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Figure 1.14. Rebek “tennis ball” and guest exchange mechanism. Copyright 2011 The Royal Society 
of Chemistry. 
We are interested in focusing the attention of the reader on the analytical methods 
commonly used in monitoring and characterizing guest encapsulation/exchange 
processes, since they will be used in the development of this thesis work.76 A short 
description of NMR, UV-Vis, mass spectrometry, electrochemistry and calorimetry 
techniques in guest encapsulation/exchange processes follows.  
Nuclear magnetic resonance (NMR)77 is the most prevalent, and often most useful, 
spectroscopic method for monitoring host–guest systems. Although 
supramolecular systems are often especially complex, they are also often highly 
symmetric, which can lead to greatly simplified NMR spectra. This simplicity can 
aid in the detection of the proton signal of the guest molecules, but it can also hide 
small time-averaged structural changes in the host. A number of experiments 
unique to NMR have been used to monitor host–guest systems. Diffusion-ordered 
spectroscopy (DOSY), for example, allows for measurement of diffusion 
coefficients in solution.78 Host and guest molecules diffusing at an identical rate 
through solution are characteristic of a stable host–guest complex. In addition, 
weaker ion-pairing interactions can also be observed using DOSY.  One of the most 
common NMR methods for characterization of supramolecular assemblies is 
Nuclear Overhauser Effect Spectroscopy (NOESY), which allows for through-space 
rather than through-bond observation. NOESY is often used to show guest 
inclusion and can yield valuable information on the relative proximities of guest 
molecules with different parts of the host. Although mainly used for qualitative 
observation, quantitative NOE studies have also been used to accurately determine 
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the solution structure of encapsulated guests. Sharing an identical pulse sequence 
with NOESY, EXSY (Exchange Spectroscopy) allows for measurement of chemical 
exchange rates. The practical difference between NOESY and EXSY is that NOESY 
measures rates of spin cross-relaxation, whereas EXSY measures rate of chemical 
exchange of spin.79 Therefore, using EXSY and spin saturation transfer 
experiments, the rate of guest exchange can be measured. Such methods are 
amenable as they can cover a wide range of exchange rates ranging from 10-2 s-1 to 
102 s-1.  
Mass spectrometry allows for a convenient assessment of the exact stoichiometry of 
the complex in the gas phase through the analysis of the mass and isotopic 
composition of the observed ions in the MS spectra.80,81 One unique benefit of mass 
spectrometry is that the transition from solution to the gas phase during ionization 
greatly affects the strengths of weak interactions often involved in supramolecular 
architectures. For example, in solution, assemblies held together by hydrogen-
bonding are easily disrupted by the presence of hydrogen bond donors or 
acceptors from either protic solvent or other host molecules. In the gas phase, 
however, hydrogen bonding is greatly strengthened as competitive hydrogen bond 
donors and acceptors are removed. Similarly, electrostatic interactions such as ion-
pairing are greatly enhanced in the gas phase as the competitive solvation of the 
ion-paired molecules is suppressed. However, other forces, such as Van der Waals 
interactions and hydrophobic interactions, are substantially weakened as the 
entropic driving force for dissociation in the gas phase is often too great. Unlike in 
solution where guest exchange is a dynamic process, in the gas phase guest 
ejection is essentially irreversible. Therefore, while solution studies show the 
thermodynamic stability of host–guest complexes, kinetic stability plays a more 
important role in the gas phase. Similarly, in the high-vacuum environment of mass 
spectrometry experiments, the entropic contributions of guest encapsulation are 
greatly affected. While guest ejection is often entropically disfavorable in solution 
due to the loss of degrees of freedom of the solvent molecules solvating the ejected 
guest molecule, dissociation of the host–guest complex is entropically favorable in 
the gas phase. Despite these differences, selective binding can be studied in the gas 
phase. However, both the method and matrix used in sample preparation can 
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dramatically influence the relative intensities of species, thereby making 
quantitative studies difficult. Mass spectrometry measurements of binding 
processes should be compared with solution-state data to provide valuable 
information on the role of solvation. 
UV-visible spectroscopy82 constitutes a useful tool for monitoring chemical 
reactions and chemical equilibria. This spectroscopic method requires that either 
the supramolecular host molecule or the guest species possess absorption bands in 
the UV-Vis region. The overall guest exchange process monitored by UV 
spectroscopy can provide information on the rate of the exchange of one guest for 
another or on the composition of the equilibria. One of the main advantages of this 
methodology is the ease of the experimental setup and the ability to monitor very 
dilute solutions in a wide variety of solvents. Circular dichroism (CD) spectroscopy, 
which measures the differential absorption of right- and left-handed circularly 
polarized light, can be used to monitor similar processes involving the optically 
active complexes. 
Electrochemistry experiments83 are a valuable tool for characterizing 
supramolecular systems providing useful information on guest exchange 
dynamics, which are slow in the timescale of the technique. Electrochemical 
methods require either the host or guest being electroactive. One of the most 
important electrochemical concepts in the field of supramolecular chemistry is 
redox-switching. The underlying principle is that the oxidation state of the guest 
(or host) influences the thermodynamic stability of the host–guest complex. When 
strong host–guest binding can be induced electrochemically, separate redox waves 
for the bound and unbound states can be observed in some cases, providing 
information on the concentration of each species. 
Calorimetry84 is the most exact and unbiased technique for precision 
thermodynamic measurements. When a guest molecule binds to a host, heat is 
either released or absorbed. Direct measurement of this heat in isothermal 
titration calorimetry (ITC) experiments allows for the determination of ΔG°, ΔH°, 
ΔS° from a single experiment in which the host complex is titrated with uniform 
increments of the guest. In comparison to other methods of determining 
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thermodynamic values, calorimetry is the only method for direct enthalpy 
measurement. Calorimetry is preferable to van’t Hoff thermodynamic studies as 
ΔH° and ΔG° are determined from a single temperature point, not over a range of 
temperatures. Van’t Hoff analysis makes the assumption that the heat capacity of 
the system is invariant over the temperature range of the experiment; an 
assumption which is not needed for calorimetry. Also, anomalous enthalpy–
entropy compensation can be avoided by calorimetric methods as measurements 
of entropy and enthalpy are statistically independent. The analysis of calorimetric 
data requires an accurate working model for guest binding, and the influence of 
complicated external factors can greatly complicate interpretation. Guest binding 
can be complicated by factors such as ion-pairing and solvent reorganization, 
making the formulation of a suitable theoretical model for the binding processes 
problematic. 
Supramolecular catalysis 
The design of highly efficient and selective catalysts is one of the major goals of 
research in chemistry.85,86,87,88,89,90,91,92 The remarkable features displayed in this 
respect by the natural catalysts, the enzymes, have provided major stimulus and 
inspiration for the development of novel catalysts by either manipulating their 
natural version or by trying to create artificial catalysts that, unlucky, so far have 
not display the high efficiency and selectivity displayed by the natural 
counterparts. Enzymatic reactions involve the binding of a specific substrate and 
its conversion into a different structure. Consequently, they constitute the essence 
of a supramolecular process. Molecular receptors bearing appropriate reactive 
groups in addition to binding sites may complex a substrate (with given stability, 
selectivity and kinetic features), react with it (with given rates, selectivity and 
turnover), and release the products, thus regenerating the catalyst for a new cycle. 
Supramolecular reactivity and catalysis involve two main steps: binding, which 
selects the substrate, and transformation of the bound species into products within 
the formed supramolecule. Both steps take part in the molecular recognition of the 
productive substrate and require the correct molecular information in the reactive 
receptor. Compared to simple uni-molecular reactivity, supramolecular reactions 
involve a binding step that precedes the reaction itself. Catalysis featuring turn-
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over comprises a third step, the release of the substrate. The selection of the 
substrate is not the only function of the binding step. In order to promote a given 
reaction, the binding should strain the substrate so as to bring it toward the 
transition state of the reaction; thus, efficient catalysts should bind the transition 
state more strongly than the ground state of the substrate in order to lower the 
free energy of activation.  A major role is played by the existence of strong 
interactions between the substrate and the catalytic receptor in order to facilitate 
the reaction in several ways. The effects induced by the fixation of the substrate 
play a critical role in the reaction catalyzed by either synthetic species or enzymes 
and may result in a sort of mutual activation of the two partners. It is then 
distinguished a thermodynamic effect, in the strong binding that forces the 
substrate into contact with the reactive groups; a steric effect, that control the 
fixation of the substrate and is able to distort its ground state structure towards a 
transition state-like geometry; an electrostatic (electronic, protonic, ionic) effect, 
consisting of a possible activation of the functional groups of the catalyst (and 
possibly of the substrate) by modification of their physico-chemical properties 
(pKa, polarity, etc.) as a consequence of substrate fixation. This latter process may 
perturb the charge distributions in both the substrate and the catalyst with respect 
to their free, unbound states.  
The design and study of efficient and selective supramolecular reagents and 
catalysts may give mechanistic insight into the elementary steps of catalysts, 
provide new types of chemical reagents, and reveal factors contributing to 
enzymatic catalysis. Supramolecular metallocatalysts consist on the combination 
of a recognition subunit (such as a cyclodextrin, a cyclophane, etc.) that selects the 
substrate with a catalytic metal center, bound to another subunit that represents 
the reactive site. The complexed metal centers presenting free coordination 
positions may provide a variety of substrate activation and functionalization 
properties. Heterotopic co-receptors bind simultaneously a substrate and a metal 
ion bringing them closer, thus potentially favoring a reaction between them. 
Approaches towards the development of synthetic metalloenzymes have been 
reported, based on macrocycles, that involve various metal ions, such as Zn(II), 
Cu(II), Co(III), in order to promote hydrolysis, epoxidation, hydrogen transfer, etc. 
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Many model systems93 have been designed taking advantage of the binding energy 
to achieve reaction catalysis. In particular, two types of systems can be 
differentiated: (a) molecular receptors in which the catalytic site is placed close to 
the binding site designed to bind selectively the reactant and (b) molecular 
receptors that promote the reaction of two simultaneously complexed reactants. 
In this thesis work, we focused our attention on the design and synthesis of 
catalytic systems of type (a), provided of a Salphen or Terpyridine unit as catalytic 
centre (Chapter 6). Early examples of supramolecular catalysis emerged from the 
work of Bender et al., who studied the hydrolysis of m-tert-butylphenyl acetate in 
the presence of 2-benzimidazoleacetic acid with α-cyclodextrin.94 More recently, 
Kim et al. have used a series of functionalized β-cyclodextrin with different 
polyazamacrocycles.95 The Zn-complexes of these molecules are carboxypeptidase 
mimics, with the hydrophobic cavity of the cyclodextrin acting as a binding site for 
the aromatic residue of p-nitrophenyl acetate and the Zn(II) metal centre 
complexed by the azamacrocycle being the catalytic site. Other recent examples of 
this kind of methodology can be found in the literature and represent the main 
source of inspiration for the design and synthesis of the supramolecular ligands 
presented in this thesis. For example, Rebek et al. 96 reported the use of a cavitand 
armed with a Zn salen-type complex as catalyst (Figure 1.15).               
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Figure 1.15. Molecular structure of Rebek’s Zn-cavitand 7 and CAChe minimized structure of the p-
nitrophenylcholine carbonate (PNPCC) included in 7. Copyright 2004 of American Chemistry Society. 
Cavitand 7 adopts a vase-like conformation that is stabilized by a seam of 
hydrogen bonds provided by the six secondary amides. The structure of the 
catalyst provokes that the dynamic exchange between free and bound guest 
(reactant) is slow on the 1H NMR time-scale. The exchange is controlled by the 
folding and unfolding of the cavitand. The Zn-salen-modified cavitand 7 catalyzes 
the formation of acetylcholine from choline and acetic anhydride. When the guest 
used is p-nitrophenylcholine carbonate (PNPCC) 8, the Lewis acid zinc(II) activates 
the well-positioned carbonyl group in the PNPCC@Zn-cavitand towards reaction 
with external nucleophiles. The energy minimized structure of the PNPCC@Zn-
cavitand complex shows that cation-π interactions and C=O∙∙∙Zn coordination bond 
occurs simultaneously. In general, the hydrolysis of the carbonate in the absence of 
the cavitand 7 is slow and only 30% of PNPCC is decomposed after 5h. On the 
contrary, the acceleration of the reaction rate is more than 50-fold when 1 equiv of 
cavitand 7 is present in solution. The binding of p-nitrophenylcholine carbonate 8 
by cavitand 7 results highly selective and no affinity is detected for analogues of 
PNPCC like 9. In this case, only the outer face of the salen ligand seems to be 
accessible to the substrate 9. When the model of the salen wall but without 
cavitand is used as catalyst, 10, the zinc(II) cation acts as Lewis acid and the 
reaction rate is also increased, although it turned out to be 5 times slower than the 
reaction catalyzed with the cavitand receptor 7. 
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Figure 1.16. p-nitrophenylcholine carbonate 8, p-nitrophenylcholine carbonate analogue 9 and 
Salen ligand 10. 
We chose Salphen ligands for the development of new resorcin[4]arene-
derivatives for supramolecular catalysis since they are the most well-known and 
versatile structures in homogeneous catalysis (Chapter 6).97,98,99,100 
In general, the Salphen structure is comprised of two salicylidene imine groups 
(Schiff base precursors) bridged by a phenyl spacer unit. In most of the catalytic 
applications, the salen ligand is highly symmetrical and is accessed via a double 
condensation reaction between a diamine and two equivalents of a 
salicylaldehyde.101 Their respective metal salts are generally easily obtained by 
treatment with acetate-based metal precursors or via activation of the two 
phenolic positions with a strong base (e.g., BuLi or ZnEt2).102 The synthesis of 
nonsymmetrical salphens103 is generally subject to a number of complications104 
but also increased attention, since the presence of two distinct salicylidene 
moieties in a complexed form provides a way to tune the catalytic efficiency of the 
metal center. Also, by preparing unsymmetrical salphen derivatives, it is possible 
to introduce a diverse variety of functional groups, allowing the application of 
these ligands for numerous purposes.105,106,107,108 For all these reasons, various 
symmetrical109, non-symmetrical110 and chiral structures can be derived from this 
class of molecules. The tetradentate coordination ability of the salphen ligand 
commonly gives access to highly stabilized metal ions upon complexation and is 
furthermore well-suited for stabilization of higher oxidation states of catalytic 
intermediates.111 Thermal and kinetic stability are desired prerequisites for 
molecular building blocks, and for this reason metallosalphens have recently been 
identified as interesting molecules in supramolecular chemistry and material 
science.112 In this sense, the Zn(salphen) derivatives have been considered stable 
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molecular building blocks113,114,115, although in some cases particular care should 
be taken with the use of certain coordinative patterns.116 As most of the enzymes 
provided with the tetrahedrally coordinated Zn2+ ion, Zn(II)salphen complexes [or 
N,N′-phenylenebis(salicylideneimine)] also possess a remarkable high Lewis acid 
character. In these salphen derivatives, the Zn metal center possesses a 
remarkable Lewis acidity117 as a result of the unfavorable planar geometry 
dictated by the tetradentate N2O2 ligation of the ligand. Therefore, the coordination 
geometry in these complexes needs additional ligands to stabilize the Zn ion. This 
feature has been exploited in various applications to bind ligands at the axial 
position to afford stable pentacoordinated species; as well it has proven to be 
extremely valuable in the construction of various supramolecular systems, in 
chemical sensing118 and for discrimination of nitroaromatics.119 
 
In the same way, terpyridine ligands can act as supramolecular synthetic catalyst 
and are capable of orienting the substrate towards the reaction center, as 




Figure 1. 17. Molecular structure of Crabtree’s ligand 11. 
The authors combined molecular recognition through hydrogen bonds and C-H 
activation to obtain high turnover catalytic regioselective functionalization of sp3 
C-H bonds remote from the –COOH recognition group. The catalyst contains a di-μ-
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 







oxo dimanganese catalytic core and two ligands that are based on the covalent 
connection of a Kemp’s triacid unit121 and provides a well-known U-turn motif 
having a –COOH group properly oriented for the molecular recognition of another 
–COOH moiety.122,123,124,125,126,127,128,129,130 Molecular modelling studies (Figure 
1.18) suggested a geometry for the H-bonded complex with ibuprofen (2-(4-
isobutylphenyl)propionic acid), which reveals that the methylene C-H of the 
substrate is closest to the metal center and consequently should be oxidized more 
easily. If the oxidation operates via the catalyst-substrate complex predicted by the 
model complex, then this regioselective oxidation product should be the major 
component of the reaction mixture. When ibuprofen was treated with the catalyst, 
the selectivity for the regioselective product (97.5 : 2.5) was raised more than 10-
fold when compared to the value obtained with a catalyst lacking the –COOH group 
(77 : 23). Oxidation of an alkyl carboxylic acid using the same catalysts led not only 
to regioselective oxygenation but also to diastereoselection of a single isomer. 
With a 0.1% catalyst-to-substrate ratio, a total turnover number of 580 was 
attained without loss of regioselectivity. 
          
Figure 1.18 Molecular model of the supramolecular catalyst (CAChe minimized) docked with 
ibuprofen. Copyright 2006 American Association for the Advancement of Science.  
For these reasons, we also selected the terpyridine ligand for the preparation of 
supramolecular catalysts based on the resorcin[4]arene scaffold (Chapter 6).  
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1. 2 Aims of this thesis 
 
Due to the importance that ion-pair receptors and supramolecular catalysts are 
gaining in recent times and also to the wide variety of their potential applications, 
we decided to investigate further in these two areas of supramolecular chemisty 
during the development of the work presented in this thesis.  
This PhD thesis deals with three different topics: (a) the design of unprecedented 
supramolecular receptors and the study of their binding processes with ion pairs 
(b) the study and application of the inclusion complexes between N-oxides and 
aryl-extended calix[4]pyrroles to modulate chemical reactivity and  (c) the design 
and synthesis of new ligands with potential applications in supramolecular 
organometallic catalysis. 
The project related to the binding studies with ion-pairs involves molecular 
receptors based on a calix[4]pyrrole and triazolophane scaffolds.  More in detail, 
the goals we wanted to achieve in this line of research can be summarized as 
follows: 
1. Design and synthesis of phosphonate aryl-extended calix[4]pyrroles. An 
unprecedented class of calix[4]pyrroles functionalized on the upper rim 
with two and four phosphonate groups, respectively, are targeted as 
potential receptors for alkylammonium/ammonium chloride salts. Binding 
studies will be undertaken to prove that these hosts can act as ion-pair 
receptors in apolar solvents (dichloromethane) and as anionic receptors in 
polar solvents (acetonitrile). The magnitudes of the association constants 
values of the complexes will be assessed by 1H and 31P-NMR titration 
experiments. The obtained thermodynamic data will be corroborated with 
the results derived form ITC measurements, ESI-MS experiments, and 
conductometric titrations. The binding geometry of the complexes will be 
investigated in solution by 2D NMR experiments and in the solid state using 
X-ray diffraction analysis. 
2. Design and synthesis of functionalized Triazolophanes for inclusion of 
linear polyatomic anions. Our aim consists on the synthesis of new 
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triazolophane receptors and on studying the binding of monoanionic 
pseudohalide (F-H-F) anion using 1H and 19F-NMR spectroscopy. The 
system will represent an example of combining the strongest hydrogen-
bond (FH···F) with one of the weakest hydrogen bond interactions that are 
provided by the CH-of a triazol unit. 
3. Synthesis of aryl-extended calix[4]pyrroles for the inclusion of 
conformationally flexible N-oxides typically used as sacrificial agents in 
oxidation reaction. Our aims in this section include the modulation of the 
chemical reactivity of N-oxides and the modification of the conformational 
equilibria in which they are involved by molecular inclusion. We envisaged 
the selective inclusion of the high energy conformer of N-methylmorpholine 
N-oxide (NMMO) within a calix[4]pyrrole having four aromatic ring 
substituents in the meso position. The value of the inclusion complex in 
modifying the normal chemical reactivity of the N-oxide will be tested by 
studying the outcome of reactions in which the NMMO is commonly used as 
sacrificial oxidant (e.g. oxidation of primary and secondary alcohol to 
carbonyl derivatives with tetrapropylammonium perruthenate). The 
progress of the oxidation reaction will be monitored by 1H NMR 
spectroscopy and gas chromatography analysis of the reaction mixtures, 
both in the presence of free N-methylmorpholine N-oxide or of its  inclusion 
complex with an aryl-extended calix[4]pyrrole (N-oxide@calix[4]pyrrole). 
 
In the project dealing with the design of ligands for supramolecular catalysis, our 
proposal consisted in the design of molecules featuring an aromatic cavity or cleft 
capable to include neutral and ionic species decorated with covalently attached 
binding units for metal centers. To achieve our objectives, the research plan 
consisted on: 
1. Preparation of trimethylene-bridged resorcinarene scaffold. The idea is to 
obtain a very simple construction unit featuring an aromatic cavity deep 
enough for the inclusion of positively charged unsaturated substrate or 
biologically active molecule (e.g. choline) by cation-π interactions.  
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2. Synthesis of derivatives of the trimethylene-bridged cavitand that can be 
used as ligands for supramolecular organometallic catalysis.  The working 
plan consists in the placement of an extended aromatic wall (a 
dinitrophenyl unit) at the upper rim of the trimethylene-bridged 
resorcinarene. The aromatic bridging unit will be further elaborated to 
contain terpyridine and salen ligands. Future experiments (not included in 
this work) are planned to study the catalytic epoxidation of olefinic 
substrates with the terpyridine derivatives as Ru-complexes. On the other 
hand, the salen catalysts is planned to be tested in the acylation reaction of 
choline using acetyl imidazole as reactant. Both substrates can be 
simultaneously bound to the salen trimethylene bridged cavitand through 
cation-π interactions and Zn-N coordination bond, respectively. 
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1. 3 Summary 
 
The present PhD Thesis is divided in 7 different chapters including the present 
introduction (chapter 1), the results and discussion part (chapters 2-6) and finally 
the general conclusions (chapter 7). 
After this short introduction in the supramolecular chemistry field, we describe in 
Chapter 2 the dynamics, thermodynamics and complex geometries of three 
diasteromeric bis-phosphonate cavitands based on an aryl extended 
calix[4]pyrrole tetraol scaffold that differ in the relative spatial orientation of the 
P=O groups installed in their upper rims (PO in-in, PO out-out, PO in-out). We 
demonstrate that these compounds act as heteroditopic receptors for ion pairs 
forming ion-paired 1:1 complexes with alkylammonium (quaternary and primary) 
chloride salts in dichloromethane (DCM) solution and in the solid-state. In the case 
of tetraalkyl-phosphonium/ammonium chloride guests, the host featuring the two 
P=O groups directed outwardly with respect to the aromatic cavity produces the 
more thermodynamically stable complexes. Conversely, for the primary alkyl 
ammonium chloride the most effective receptor is the diastereoisomer with the 
two P=O groups converging on top of the aromatic cavity. In the non-polar DCM 
solvent, the size of the quaternary cation has a strong impact in the 
thermodynamic stability of the complexes and their binding geometry. We also 
report that the 1:1 complexes of the bis-phosphonate out-out host with the 
chloride salts have a separated arrangement of the bound ion-pair. In contrast, 
those of the the bis-phosphonate in-in host display a close-contact arrangement. 
We also investigate the same complexation processes in acetonitrile (CH3CN) 
solution. The receptors show an analogous trend in their binding affinities for 
quaternary phosphonium/ammonium chloride salts to the one seen in DCM 
solution. However, in CH3CN solution the magnitude of the binding affinities is 
significantly reduced and the size of the cation does not have an important effect 
on them. The preparation of more complex tetra-phosphonate calix[4]pyrroles 
reveals dynamics, thermodynamics and complex geometries similar to the bis-
phosphonate cavitands. However, the binding studies confirm that four 
phosphonate walls ensure stronger binding of tetraalkyl-
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phosphonium/ammonium chloride guests respect to only two walls (Chapter3).  In 
Chapter 4 we present the design and synthesis of new derivatives of macrocyclic 
triazolophane receptors. Although they bear only triazole- and phenyl-derived CH 
hydrogen bond donors, these receptors show good binding strengths towards ion-
pairs. We then report the preliminary NMR spectroscopy binding studies toward 
the linear bifluoride anion (HF2-) in polar solvents. In Chapter 5 we show that aryl-
extended calix[4]pyrroles are also able to form highly stable complexes with N-
oxides of N-methylmorpholine (NMMO).  The inclusion of the high energy 
conformer of the NMMO (not observed in the NMR timescale at room temperature) 
represents an interesting tool to examine and manipulate the properties of small 
molecules in confined space. Chapter 6 presents the design and synthesis of a novel 
class of resorcinarene supramolecular catalysts. In particular, we show the 
complete synthesis of Terpyridine and Salphen derivatives for possible future 
applications in the catalytic epoxidation of unsaturated substrates and acylation 
reaction of acetylcholine, respectively.  
Finally, the summary and concluding remarks of the work presented in the thesis 
are provided at Chapter 7. 
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2. 1 Introduction 
 
Calix[4]pyrroles are a well known class of neutral receptors for selective anion-
binding.1 In the free state, calix[4]pyrrole receptors exhibit different types of 
conformations i.e. 1,3-alternate and cone.2,3 Anion binding fixes the calix[4]pyrrole 
scaffold into the cone conformation.4 In this conformation, the calix[4]pyrrole unit 
displays a bowl-shaped cavity delimited by the four pyrrole rings opposite to the 
bound anion. This shallow and electron-rich aromatic cavity begs for the inclusion 
of electropositive guests. Aryl-extended calix[4]pyrroles 1 are obtained by 
substituting each of the four meso carbon atoms of the parent octamethyl 
compound 2 with one aryl group. This substitution results in four possible 
configurational isomers displaying either a supplementary cavity or a cleft, defined 
by the fixed aromatic walls.5 When the α,α,α,α-isomers of aryl extended 
calix[4]pyrroles adopt the cone conformation, the additional deep aromatic cavity is 
open only at one end. The closed end of the deep aromatic cavity is delimited by four 
convergent pyrrole NHs (Figure 2.1).  
 
Figure 2.1. Structures of the α,α,α,α-1-isomer of aryl-extended calix[4]pyrrole and of the 
octamethylcalix[4]pyrrole 2 involved in the formation of anonic complexes with chloride.  
The size and volume of this endo functionalized cavity is large enough to include 
halides. Similarly to the process described for the parent calix[4]pyrroles, the 
inclusion/binding of the halide by the α,α,α,α-isomer fixes the receptor in the cone 
conformation inducing the formation of a shallow and electron-rich aromatic cavity 
opposite to the anion in the negatively charged complex. 
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Bis-phosphonate bridged cavitands and their tetraphosphonate analogs, derived 
from resorcin[4]arene are known to be excellent molecular receptors for cationic 
species such as ammonium6,7 or methylpyridinium8,9 or even neutral guests like 
alcohols.10,11,12,13 The number of bridging P=O groups, placed at the upper rim of 
resorcin[4]arene scaffold, in combination with their relative orientation with 
respect to the aromatic cavity are crucial in defining the binding properties of the 
receptors. In particular, high stability constants were measured for 
supramolecular complexes involving intracavity ammonium and methylpyridium 
guests if complexation occurs through the cooperative effect of several converging 
and inwardly directed P=O groups. Hydrogen-bonding and/or cation-dipole 
interactions established by the P=O groups and the included organic cation are 
assisted by additional cation- interactions with the aromatic rings of the 
resorcinarene cavity.   
We present here the design of unprecedented ditopic receptors for ion-pair 
recognition. We combined the known anion binding properties of aryl-extended 
calix[4]pyrrole receptors 1 with the recognition characteristics displayed by 
resorcin[4]arene phosphonate cavitands like 3ii towards alkylammonium cations 
(Figure 2.2). Our synthetic plan involved the installation of several phosponate 
groups in the upper rim of an aryl-extended calix[4]pyrrole scaffold. The 
phosphonate groups would be introduced as bridges between two adjacent meso-
phenyl substituents similarly to the approach used in the resorcin[4]arene based 
receptors.14 The introduction of the phosphonate bridges should preorganize the 
aromatic cavity of the aryl extended calix[4]pyrrole receptors by reducing the 
number of potential conformations and providing a cavitand-like structure. We 
expected that the phosphorylated upper rim installed in the 4ii diastereoisomer of 
a calix[4]pyrrole based cavitand and its deep aromatic cavity, functionalized with 
four convergent pyrrole NHs, could act cooperatively for the selective inclusion of 
ion-pairs. The resulting ion-paired 1:1 complex was expected to display a 
preferential contact binding arrangement of the ions.  
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Figure 2.2. Energy minimized structures of two bis-phosphonate cavitands: a) 3ii designed for the 
recognition of methylalkylammonium using a calix[4]arene scaffold and b) 4ii, designed for ion-
pair recognition of alkylammonium chloride salts, based on an aryl extended calix[4]pyrrole 
scaffold. 
2. 2 Results and Discussion 
 
We describe here the synthesis of the new family of aryl-extended calix[4]pyrroles 
4 with two phoshonate groups as bridging groups in their upper rim. Three 
stereoisomeric receptors displaying different configurations of the two P=O groups 
(ii, io, oo where i = in; o = out) have been prepared. We also disclose the binding 
properties of the three stereoisomers of 4, both in solution and in the solid state, 
with several alkylammonium ion-pairs.  
2.2. 1 Synthesis 
We encountered serious synthetic difficulties in the installation of four 
phosphonate groups to the upper rim of the known tetramethyl calix[4]pyrrole-
resorcinarene hybrid.15 For this reason, we selected tetrol 1a as an alternative 
parent aryl extended calix[4]pyrrole for the installation of only two phosphonate 
bridging groups. 
The original synthetic pathway for the preparation of phosphonate cavitands 4 
consisted in a two step procedure already applied in the preparation of 
phosphonate resorcinarenes (Scheme 2.1).16,17 First, α,α,α,α-1a was reacted for 3 
hrs at 70 ºC with dichloro(phenyl)phosphine using freshly distilled pyridine as 
solvent. This reaction is expected to yield di-bridged phenyl-phosphinito cavitands 
(P-bridge receptors) as a mixture of stereoisomers. The obtained mixture was 
oxidized “in situ” by addition of a 1:1 solution of hydrogen peroxide and 
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chloroform to give the corresponding mixture of stereoisomers of bis-phosphonate 
cavitands 4. Disappointingly, the two step synthetic strategy leaded to the 
formation of more complex reaction mixtures than the single step protocol. The 
isolation of pure steroisomers of 4 from that mixture was tedious and very time 
consuming. In addition, we detected in the two steps reaction crude the presence 
of thermodynamically highly stable inclusion complexes of pyridine-N-oxide with 
the stereoisomers of 4. These inclusion complexes even survived column 
chromatography. Single crystals of the pyridine-N-oxide inclusion complex with 
4io suitable for X-ray diffraction grew from acetonitrile solution. The pyridine-N-
oxide must be produced during the “in situ” oxidation of the phenyl-phosphinito 
cavitands because we used pyridine as solvent in the first synthetic step. 
Additional efforts to optimize the two step reaction conditions (less harsh 
oxidative conditions, use of a bulkier base like 2,6-dimethyl pyridine, addition of a 
co-solvent) resulted useless. 
 
Scheme 2.1. Synthetic scheme for the proposed preparation of bis-phosphonate calix[4]pyrrole 
receptors and solid state structure of the inclusion complex of pyridine-N-oxide (shown in CPK) 
with the phosphonate stereoisomer 4io. The inclusion of the N-oxide in the deep aromatic cavity 
induces the receptor to adopt the cone conformation. Note that one molecule of acetonitrile is 
bound opposite to the included N-oxide in the shallow cavity defined by the pyrrole units of the 
calix[4]pyrrole cone conformation. 
Subsequently, the synthesis of the three diastereoisomeric phosphonate cavitand 
receptors 4 was achieved as depicted in Scheme 2.2.  
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Scheme 2.2. Synthetic scheme for the preparation of bis-phosphonate calix[4]pyrrole receptors 4. 
meta-Hydroxyphenylmethylcalix[4]pyrrole 1a was obtained as a mixture of 
configurational isomers by condensation of freshly distilled pyrrole with 3-
hydroxyacetophenone under acidic conditions following literature procedures.18 
The configurationally pure α,α,α,α-1a isomer was isolated by crystallization of the 
mixture of isomers from acetonitrile solution. Room temperature reaction of the 
α,α,α,α-1a tetrol and dichloro(phenyl)phosphane oxide19 in the presence of 
triethylamine in tetrahydrofuran solution during two hours produced a mixture of 
the three bis-phosphonate stereoisomers 4ii, 4io and 4oo. Each pure steroisomer 
was isolated by semipreparative HPLC (Spherisorb silica 250 × 20 mm, 5 m) 
using DCM:MeOH 99:1 as eluant and crystallized from acetonitrile solution in 
yields ranging from 10 to 25% (Figure 2. 3). 
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Figure 2. 3 Normal phase - HPLC chromatogram of the three bis-phosphonate stereoisomers 
separated using DCM : MeOH 99 : 1 as eluent mixture at 19 mL/min. 
2.2. 2 Configurational assignment 
We performed the configurational assignment of the three diastereoisomers of 4 
by a combination of 1H NMR spectroscopy and single crystal X-ray crystallographic 
analysis. In all cases, the calix[4]pyrrole core adopts the cone conformation with 
one molecule of acetonitrile included in the deep aromatic cavity and hydrogen 
bonded to the four pyrrole NHs. In the solid state, the fourteen membered rings 
delineated by the bridged phosphonate-group, two meso-phenyl groups, their 
corresponding meso-carbons and one pyrrole ring showed a preferred 
conformation in which the phenyl substituent of the phosphorous atoms is 
directed away from the pyrrole unit. This conformation is observed for all the 
macrocycles. Receptors 4ii and 4oo possess C2v symmetry and showed a reduced 
number of proton signals in their 1H NMR spectra compared to 4io. We performed 
the complete assignment of the signals observed in the 1H NMR spectra of the 
three stereoisomers by means of 2D experiments. Figure 2.4 shows the downfield 
region of the 1H NMR spectra of the 4io stereoisomer having Cs symmetry. Three 
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broad singlets resonating at δ = 8.29, 8.09, and 7.88 ppm with relative intensities 
1:2:1 were assigned to the NH protons. The two pyrrole rings not involved in the 
14-member macrocyles display β-pyrrole protons that are chemically non-
equivalent (Hf, Hg) and were assigned to the signals resonating at δ= 5.96 and 5.91 
ppm. On the contrary, the other two pyrrole rings that are included in the 
macrocycles although experiencing different magnetic environments have 
chemically equivalent β-pyrrole protons. We assigned the signals resonating at δ = 
6.24 and 6.2 ppm to the β-pyrrole protons Hd and He of the pyrrole rings in the 
macrocycles containing the phosphonate-in and phosphonate-out bridges, 
respectively. The 31P NMR of 4io displays two different signals resonating at  = 
15.5 and 13.2 ppm corresponding to the two chemically non-equivalent 
phosphorus nuclei. The signals of the ortho-protons in the two chemically non-
equivalent phenyl phosphonate groups show the signs of 3JP-H ( 14 Hz) coupling.  
 
Figure 2.4. Selected downfield region of the 1H-NMR and 31P-NMR spectra (400 MHz) of the 4io 
stereoisomer at 298 K in DCM solution. The proton assignment is shown in the molecular structure 
of the 4io receptor represented on top. 
In Figure 2.5 is reported the downfield region of the 1H NMR and the 31P NMR 
spectra of the 4oo stereoisomer. Two broad singlets resonating at δ = 8.04 and 
7.49 ppm with relative intensities 1:1 were assigned to the NH protons. The two 
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pyrrole rings not involved in the 14-member macrocyles display chemically 
equivalent β-pyrrole protons (Hc) and were assigned to the signals resonating at δ 
= 6.32 ppm. On the contrary, the protons Hd of the other two pyrrole rings resonate 
at δ = 5.50 ppm. The 31P NMR of 4oo displays only one signal resonating at  = 12.5 
ppm corresponding to the two chemically equivalent phosphorus nuclei.  
 
Figure 2.5. Selected downfield region of the 1H-NMR and 31P-NMR spectra (400 MHz) of the 4oo 
stereoisomer at 298 K in DCM solution. The proton assignment is shown in the molecular structure 
of the 4oo receptor represented on top. 
Finally, we report the 1H NMR and the 31P NMR spectra of the 4ii stereoisomer. 
Only one singlet resonating at δ = 8.18 ppm is observed for the NH protons. The β-
pyrrole protons of the two pyrrole rings not involved in the 14-member 
macrocyles resonate at δ = 6.17 ppm. On the contrary, the protons Hd resonate at δ 
= 6.05 ppm. The meso-phenyl protons Hh and He are shifted upfield at 6.94 and 6.96 
ppm respect to the 4oo stereoisomer (Hh = 7.18 ppm and He = 7.22 ppm). We 
attribute this change of chemical shift to the different environment that these 
protons explore when the oxygens of the phosphonate groups point inside the 
cavity of the 4ii isomer. The 31P NMR of 4ii shows only one signal resonating at  = 
14.64 ppm corresponding to the two chemically equivalent phosphorus nuclei.  
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Figure 2.6. Selected downfield region of the 1H-NMR and 31P-NMR spectra (400 MHz) of the 4ii 
stereoisomer at 298 K in DCM solution. The proton assignment is shown in the molecular structure 
of the 4ii receptor represented on top. 
The receptors showed a moderate tendency for aggregation in dichloromethane 
solution. We performed dilution experiments in the range of 1 mM to 14 mM using 
1H NMR spectroscopy. The fit of the chemical shift changes observed for selected 
signals of the protons to a simple dimerization model allowed us to estimate 
dimerization constant values of the order 10-50 M-1. We considered the tendency 
to aggregation (< 10%) observed for these receptors to be negligible at the 
concentrations ( 1mM) typically used for the binding experiments. In particular, 
the fit of the β-pyrrolic protons chemical shift of the 4io stereoisomer by 
HyperNMR software allowed us to estimate a constant for the formation of the 
dimer specie ~ 15 M-1. When the concentration of 4io is ~ 5mM, that represents 
the highest concentration at which we performed the experiments, only 13% of 
dimer is formed in solution. The trimer specie starts to appear at a concentration 
of 4io higher than 7 mM with a constant K ~ 100 M-1. 
 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 








Figure 2.7. Speciation curve of 4io obtained by fitting the data of 1H NMR dilution experiments. 
In the same way, the fit of the β-pyrrolic protons chemical shift of the 4oo and 4ii 
stereoisomers by HyperNMR software revealed that the dimerization process 
occurs with a constant of ~ 16 M-1 and 32 M-1, respectively. At a concentration of 
receptor of ~ 5mM, only 14% and 20% of dimer is formed in solution. The trimer 
specie start to appear at a concentration of 4oo higher than 8 mM with a constant 
K ~ 100 M-1. 
a)  
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Figure 2.8. On the top: a) Speciation curve of 4oo obtained by fitting the data of 1H NMR dilution 
experiments. On the bottom: b) Speciation curve of 4ii obtained by fitting the data of 1H NMR 
dilution experiments. At 5 mM of 4ii, that represent the highest concentration at which we 
performed the experiments, about 20% of the dimer specie is formed (K ~ 32 M-1). The trimer is 
formed at a concentration of 4ii higher than 10 mM (K ~ 1000 M-1). 
2.2. 3 Binding studies  
Aryl-extended calix[4]pyrrole 6 
Before undertaking the studies of the binding properties of the series of 
diastereoisomeric receptors 4 with alkylammonium salts in dichloromethane 
(DCM) solution, we decided to investigate the complexation of these guests with 
aryl-extended calix[4]pyrrole 6 (Figure 2.1). The goal of this study was twofold. On 
the one hand, we wanted to determine or estimate the binding constant values of 
the complexes formed between more conformationally flexible aryl extended 
calixpyrrole 6 and the salts in non-polar solvent to be able to use them as 
references in the forthcoming study of receptors 4. On the other hand, we were 
keen to determine the influence that the cation’s size exerts on the binding 
constant values of 6. Our previous studies with aryl-extended calix[4]pyrrole 
receptors and chloride quaternary ammonium salts were performed in acetonitrile 
(ACN) solution and  we did not evaluate the cation’s size effect with these hosts.20 
It is worth noting that Sessler, Gale, Schmidtchen et al.21,1 recently described the 
existence of substantial cation’s size modulation effects in the binding affinities of 
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meso-octamethylcalix[4]pyrrole 2 with alkylphosphonium and alkylammonium 
chlorides salts in non-polar solvents i.e. DCM. 
 
Figure 2.9. Line drawing structures of aryl-extended calix[4]pyrrole 6, tetramethyl phosphopnium 
chloride (TMPCl) 7•Cl, tetrabutylammonium chloride (TBACl) 8•Cl, octyltrimethylammonium 
chloride (OTMACl) 9•Cl, dodecyltrimethylammoniun chloride (DTMACl) 10•Cl and octylammonium 
chloride (OAMCl) 11•Cl. 
The addition of less than one equivalent of TMPCl, 7•Cl, to a 1mM DCM solution of 
6 produced separated proton signals for the free and bound receptor. This 
observation indicated that the chemical exchange between free and bound host is 
slow on the 1H NMR timescale. Similar exchange dynamics were observed in the 
complexation of chloride with closely related aryl-extended calix[4]pyrrole 
receptors in ACN solution.20 We determined the stoichiometry of the formed 
complex as 1:1 and estimated an association constant value (Ka,exp) larger than 104 
M-1 because in the presence of one equivalent of TMPCl only the signals for the 
bound receptor were detected in the 1H-NMR spectrum of the mixture. The 
inclusion of the chloride in the deep aromatic cavity of 6 was evidenced by the 
observation of a strong downfield shift in the signal of the NH protons and 
moderate upfield shifts for the phenyl protons of the bound receptor.  
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Figure 2.10. Sections of the 1H-NMR spectra acquired during the titration of 6 with TMPCl: a) 0 
equivalents; b) 0.5 equivalents; c) 1 equivalent; d) GOESY experiment with selective excitation of 
the signal of the methyl protons of TMP of c. Top: Proposed binding geometries for the ion-paired 
TMPCl@6 complex in DCM solution 1) ion-separated, 2) close contact. 
Because we were working in a non-polar solvent (DCM), we considered that the 
1:1 complex should have an ion-paired nature. Evidence of the concomitant 
complexation of the cation could be inferred from the upfield shift experienced by 
the signal of the methyl groups of TMP. To map out the preferred location of the 
TMP cation in the solution binding geometry of the 1:1 complex, TMPCl@6, we 
performed GOESY (gradient enhanced nuclear Overhauser effect spectroscopy) 
experiments (Figure 2.10 d). Selective irradiation of the signal of the methyl 
groups of bound TMP produced inverted signals for several protons of the bound 
receptor. This result is indicative of the existence of intermolecular contacts 
between the protons of TMP and the receptor due to their close spatial proximity 
in the complex. In particular, the negative NOE observed for the β-pyrrole protons 
and the meso-methyl groups suggested the placement of the TMP cation in the 
shallow, electron rich aromatic cavity defined by the four pyrrole rings opposite to 
the included anion. Likewise, irradiation of the signal for the meso-methyl protons 
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of 6 induced a weak but detectable negative intermolecular NOE peak to the TMP 
protons. Taken together, these results gave support to a putative binding geometry 
for the 1:1 ion-paired complex in DCM solution exhibiting an ion-pair separated 
arrangement (Figure 2.10 - 1). However, the same GOESY experiment also revealed 
the existence of intermolecular NOEs between the TMP protons and the signals of 
the methyl and α-methylene protons of the ester groups of 6. These intermolecular 
contacts suggested that, in solution, the TMP cation might also be complexed, to a 
certain extent, close to the COOMe groups of 6 (ion-dipole interactions and CH···O 
hydrogen bonds). Based on the latter result, we propose an additional binding 
geometry in solution for the 1:1 complex. In this alternative geometry the ion-pair 
displays a close-contact or intimate arrangement of the ions, both being included in 
the deep aromatic cavity of receptor 6 (Figure 2.10 - 2). Unfortunately, the relative 
proportion of the two proposed binding geometries for the 1:1 complex, which 
probably co-exist in solution, cannot be exactly determined from the results 
obtained in the GOESY experiment.  
In striking contrast with the observations presented above, the addition of one 
equivalent of TBACl, 8•Cl, to a 1 mM solution of 6 in DCM did not produce 
noticeable changes in the chemical shift values of the proton signals of the aryl-
extended calix[4]pyrrole receptor. In particular, the 1H NMR titration of a 14.6 mM 
solution of 6 with incremental amount of TBACl showed fast exchange dynamics 
for most of the protons of the host. The titration data were fitted by HyperNMR 
software to a 1:1 binding model affording a Ka,exp = 1±0.2 × 101 M-1. We report in 
Figure 2.11 the speciation curves corresponding to the titration. After addition of 
10 equivalents of TBACl, only 35% of host is present as complex (blue curve), 
while the missing 75% is still free (green curve). 
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Figure 2.11. Plot of the chemical shift changes experienced by the signal of the aromatic proton Hc 
at δ = 6.8 ppm in the meso-phenyl substituent of [6] = 14.6 mM (black circles) upon titration with 
incremental amounts of TBACl.  
This finding indicated that in DCM solution the binding affinity of receptor 6 for 
TBACl is strongly reduced compared to TMPCl. As mentioned above, Sessler, Gale, 
Schmidtchen et al. already noticed strong counter cation-effects in the 
complexation of 2 with ammonium salts. They reported association constants 
values of the order of 105 M-1 and 102 M-1 for the complexes of 2 with OTMACl and 
TBACl, respectively. A likely explanation for this significant counter-cation effect 
was put forward by the same authors suggesting a stepwise binding mechanism, 
whereby the calix[4]pyrrole receptor 2 binds the chloride anion initially to form a 
cone-conformation 1:1 complex with an electron-rich bowl-shaped cavity opposed 
to the bound chloride. The formed 1:1 anionic complex subsequently interacts with 
the cation to yield an ion-paired complex (Scheme 2.3).  
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Scheme 2.3. Proposed equilibria involved in the solution binding of ion-pair salts in low dielectric 
constant solvents with ditopic receptor meso-octamethylcalix[4]pyrrole 2.  
The magnitude of the latter cation complexation is strongly dependent on the 
match between the cavity and the cation’s size. In DCM solution strong ion pairing 
is expected for both the organic salt and the 1:1 complex. The assumption that 
relatively large cations are more prone to dissociation in non-polar DCM solution, 
thus increasing the available concentration of free anion proved to be inconsistent 
with the reported data and also with the results described here. 
A mathematical treatment of the equilibria involved in the complexation of ionic 
species in low dielectric constant media by neutral guest, which explicitly 
considers both ion pairing processes (1) and (2) has been reported and validated 
experimentally.22 The study demonstrated that the existence of ion-pairing 
processes in solution provokes that the experimentally determined values in the 
form of Ka,exp (3) are concentration dependent. For this reason, the application of 
the complete equilibrium treatment requires the determination of Ka,exp values in 
different range of concentrations. In this and the following sections of the chapter, 
we do not explicitly consider in the calculation of the reported association constant 
values the ion-pair dissociation equilibrium of the salt (1) or the ion-pairing 
equilibrium yielding the neutral 1:1 complex (2).23 We were restricted by the 
solubility of the receptors and the sensitivity of 1H NMR spectroscopy to use a 
reduced range of concentrations for our investigations. For this reason and as 
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frequently encountered in literature, the values reported here for the association 
constant in DCM solutions correspond to experimental binding constant, Ka,exp , of 
the form: 
H (host) + C+A-  = H • C+A- ; Ka,exp= [H • C+A-]/ [H] [C+A-] in M-1 units (3) 
This treatment implicitly assumes that the salt ion-pair is the active component 
and that the complex is fully ion-paired (an equivalent expression applies when 
both the guest salt and the complex are 100% dissociated (see solvent effect), 
however, is quite improbable in low dielectric constant solvent). 
Bis-phosphonate calix[4]pyrroles 4 
The interaction of the three stereoisomers of 4 with TMPCl, 7•Cl, was probed in 
DCM solution using 1H NMR and 31P NMR titrations. We initially focused in the 
evaluation of the binding properties featured by the stereoisomer 4ii, specifically 
designed to function as a ditopic receptor for TMPCl. Nevertheless, we also 
considered the binding properties of the other two stereisomers 4oo and 4io with 
TMPCl. These two latter hosts were very useful in teaching us basic lessons on the 
fundamental nature of the interactions driving ion-pair recognition with bis-
phosphonate calix[4]pyrrole receptors 4. The three stereomeric caviatnds 4 are 
readily soluble in DCM. Titration experiments were performed by sequentially 
adding 0.5 and 1 equivalent of TMPCl to NMR tubes containing individual DCM 
solutions of each stereoisomer. The initial addition of 0.5 equivalents of TMPCl to 
4ii induced the appearance of a new set of proton signals in the 1H NMR spectrum 
of the mixture and two new phosphorous signals in its 31P NMR spectrum. The new 
signals in the 31P NMR spectrum were assigned to the phosphorous atoms of 
bound 4ii (broad,  = 12.9 ppm) and the phosphorous atom of TMP ( = 24.3 ppm) 
involved in the TMPCl@4ii complex. The phosphorous atoms of free 4ii and free 
TMPCl resonated at  = 14.6 ppm and  = 26.9 ppm, respectively. In turn, the new 
set of proton signals was assigned to the protons of the bound receptor in the 
TMPCl@4ii complex. The integral ratio of proton signals for the free and bound 4ii 
was 1:1. The signals of the bound pyrrole NHs experienced significant downfield 
shifts ( > 3.5 ppm) as a result of their involvement in the formation of hydrogen 
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bonds with the included chloride. One of the signals of the β-pyrrole protons and 
all the signals of the aromatic protons of the meso-phenyl substituents of 4ii also 
experienced noticeable upfield shifts in the bound receptor. On the contrary, the 
signals of the phenyl-phosphonate protons were almost unaffected (Figure 2.12).  
 
Figure 2.12. Selected regions of the 1H and 31P NMR spectra acquired during the titration of 4ii 
with ClTMP: a) 0 equivalents; b) 0.5 equivalents; and c) 1 equivalent added. 
Taken together, these observations suggested the existence of a conformational 
change of the calix[4]pyrrole core in the free 4ii, probably from 1,3-alternate to 
cone, induced by complexation with TMPCl. The observation of separate proton 
signals for the free and bound receptor 4ii indicated that the chemical exchange 
between them is slow on the 1H NMR timescale. We had observed a similar 
exchange dynamics with aryl extended calix[4]pyrrole 6. In addition, the signal of 
the methyl protons of the TMP cation experienced a significant upfield shift ( = 
1.16 ppm;  = - 1.01 ppm). The addition of one equivalent of TMPCl induced the 
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exclusive observation of the signals assigned to the proton and phosphorous atoms 
in the TMPCl@4ii complex. This results indicated that the value of the 
experimental association constant, Ka,exp, for the TMPCl@4ii complex is higher than 
104 M-1 and cannot be measured accurately by 1H NMR titrations. When more than 
1 equivalent of TMPCl was added the chemical shifts of the proton signals of the 
bound 4ii receptor were not affected, however, the proton signal of the methyl 
groups of TMP cation and its phosphorous atom shifted downfield. This 
observation was indicative of the existence of a fast exchange on the 1H NMR 
timescale between free and bound TMP cations. The observation of different 
exchange dynamics between free and bound receptor and between free and bound 
cation pointed to the existence of two different exchange processes. Due to the 
inclusion of the anion in the deep aromatic cavity of 4ii, the chemical exchange 
between free and bound host requires a conformational change of the 
calix[4]pyrrole core.24 Conversely, the chemical exchange between free and bound 
TMP cation can occur without this requirement. The TMP cation is located at the 
periphery of the anionic inclusion complex, either close to the phosphonato groups 
of the upper rim or partially included in the shallow aromatic cavity distal to the 
bound anion that is defined by the pyrrole rings of the calix[4]pyrrole core in cone 
conformation. A 2D ROESY experiment carried out in the sample containing 1 
equivalent of TMPCl revealed the existence of negative cross peaks between the 
doublet of the methyl protons of TMP and the aromatic para protons (He) of the 
meso-phenyl substituent pointing towards the upper rim of the receptor. The 
existence of such intermolecular close-contact testified for the preferred location 
of the TMP cation close to the upper rim and the inwardly directed phosphonato 
groups of 4ii, experiencing both cation-dipole with the phosphonate groups and 
charge-charge interactions with the included chloride. We concluded that the 
preferred binding geometry of the TMPCl@4ii complex in solution is that of a 
close-contact ion-pair arrangement. 
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Figure 2.13. Selected region of a 2D-ROESY experiment performed on a 4.6 mM dichloromethane 
solution of 4ii containing 0.9 equivalents of TMPCl.  
Single crystals of the TMPCl@4ii complex suitable for X-ray diffraction were grown 
from dichloromethane solution. The binding geometry proposed in solution is 
supported by the formation of the endo-cavity anionic complex TMPCl@4ii in the 
solid state. Unfortunately, the packing of the crystal showed the formation of a 
columnar motif of TMPCl@4ii complexes and did not provide an unambiguous 
response to the preferred placement of the TMP cation with respect of the anion in 
the solid-state (Figure 2.14). 
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Figure 2.14. Section of the crystal packing of the TMPCl@4ii complex. The columnar arrangement 
of the TMPCl@4ii complex does not allow distinguishing the preferred charge neutralization with 
the TMP cation located in the upper rim or in the shallow aromatic opposite to the included anion. 
For clarity, hydrogen atoms and solvent molecules are removed. 
The general dynamics and thermodynamics trends observed in the NMR titrations 
of stereoisomer 4io and 4oo with TMPCl paralleled those described above for 4ii. 
It is worth noting, however, that when 0.5 or 1 equivalents of TMPCl are added to 1 
mM dichloromethane solutions of 4io and 4oo the chemical shift value of the 
signal corresponding to the methyl groups the TMP cation is noticeably upfield 
shifted (  0.67 ppm;  = - 1.5 ppm) compared to the one registered in the case 
of 4ii ( = 1.16 ppm;  = - 1.01 ppm) as shown in Figure 2.15. 
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Figure 2.15. Selected regions of the 1H-NMR and 31P-NMR spectra of a 4.6 mM dichloromethane 
solution of a) 4oo, b) 4io and c) 4ii with 0.5 equivalents of TMPCl added, d) free TMPCl. 
2D ROESY experiments performed on equimolar dichloromethane solutions of the 
receptors 4io or 4oo with TMPCl displayed intense cross-peaks between the signal 
of the methyl protons of TMP and the signals of the β-pyrrole protons of the 
receptors (Figure 2.16). The observed intermolecular NOE cross-peak between the 
protons of TMP+ and the β-pyrrolic protons (Hd’, Hc’) of bound 4oo indicate that 
the cation is preferentially located in the calix[4]pyrrole cup opposite to the bound 
chloride. For the 4io receptor a much weaker cross peak was also spotted between 
the signals of TMP and the para aromatic proton in two of the meso-phenyl 
substituents, indicating that placement of the cation within the ion-paired complex 
can take place in two possible binding sites.  
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a)  b)  
Figure 2.16. Selected region of a 2D-ROESY experiment performed on a 4.6 mM dichloromethane 
solution of: a) 4io with 1.0 equivalents of TMPCl. b) Selected region of the 2D-ROESY experiment 
performed on a 4.6 mM dichloromethane solution of 4oo with 0.5 equivalents of TMPCl.  
Taken together, these results suggested that, in solution, for the 1:1 complexes 
TMPCl@4oo and TMPCl@4io the TMP cation is preferentially located in the 
shallow aromatic cavity defined by the pyrrole rings stabilized by cation- 
interactions. In the specific case of the TMPCl@4io complex, the binding geometry 
locating the TMP in the upper rim close to the inwardly directed phosphonato 
group was also detected. In short, the energetically favoured binding geometries 
for the complexes TMPCl@4io and TMPCl@4oo in solution displayed an ion-pair 
separated arrangement. The formation of chloride endo cavity complexes with 4oo 
and 4io receptors in solution was supported by the structures of the complexes 
obtained in the solid-state. Disappointingly, the columnar motif displayed by the 
packing of the crystals of the complexes TMPCl@4oo and TMPCl@4io was not 
conclusive in resolving the issue of the preferred placement of the TMP cation also 
in the solid state (Figure 2.17). 
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Figure 2.17. Sections of the crystal packing of the: a) TMPCl@4oo complex and b) TMPCl@4io. For 
clarity, hydrogen atoms and solvent molecules are removed. Chloride is shown as CPK model. 
The results of 1H and 31P titration experiments performed between the series of 
receptors 4 and methyl pyridinium chloride as guest parallel the observations 
made for TMPCl.  
 
Figure 2.18. Sections of the crystal packing of the MethylPyridiniumChloride@4oo, 
MethylPyridiniumChloride@4io and MethylPyridiniumChloride@4ii. For clarity, hydrogen atoms 
and solvent molecules are removed. Chloride is shown as CPK model. 
The inclusion complexes formed in solution were supported by the obtained solid-
state structures. The columnar motifs displayed by the complexes in the packing of 
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the crystals did not help in clarifying an unambiguous placement of the cation in 
the complexes (Figure 2.18). 
The ditopic character of 4oo was also evidenced in ESI-MS experiments of a 
solution containing TMPCl. We used negative and positive detection modes with 
capillary voltages form 0-500 V. We observed ion-peaks at m/z 1019 
corresponding to the anionic complex Cl-@4oo in negative ESI. 
 
Figure 2.19. Negative ESI-MS Expansion at 5000V (at the bottom) and calculated isotopic 
distribution (on the top) for the ion peak with m/z 1019.2 corresponding to the anionic complex 
4oo@Cl- obtained by spraying a solution containing the 4oo stereoisomer and TMPCl. 
While in positive ESI we detected the peak at m/z 1075 corresponding to the 
cationic complex TMP+@4oo. 
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Figure 2.20. Positive ESI-MS Expansion at 5000V (at the bottom) and calculated isotopic 
distribution (on the top) for the ion peak with m/z 1075.3 corresponding to the cationic complex 
4oo@TMP+ obtained by spraying a solution containing the 4oo stereoisomer and TMPCl. 
In order to rank the magnitudes of the binding affinities of receptor series 4 with 
TMPCl, we performed pairwise competitive binding experiments. We prepared 1 
mM solutions containing a close to equimolar mixture of two bis-phosphonate 
receptors and TMPCl in deuterated dichloromethane. The extent of chloride 
complexation attained by each receptor in the solution was assessed using 1H and 
31P NMR spectroscopy. As commented above, the interaction of receptors 4 with 
chloride induced a considerable downfield shift of the NH proton signals. The NH 
protons in chloride-bound receptors 4 resonated in the region of 10-12 ppm 
completely separated from the rest. In any combination of two receptors, we 
observed two different sets of signals corresponding to the NH protons hydrogen 
bonded to chloride in each one of the TMPCl@4 complex (Figure 2.21). In the 
aromatic region of the 1H NMR spectra of the mixtures, we also could identify 
separate signals for some protons in the free and bound state of both receptors. In 
addition, the 31P NMR spectra of all solution mixtures displayed different signals 
for the phosphorus atoms of the two receptors, both in the free and bound state. 
The integral areas of selected proton signals for each receptor, in both free and 
bound state, were used to calculate the ratio of association constant values for the 
two TMPCl@4 complexes present in the pairwise competitive experiments by 
means of the following equation (4): 
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 ( FB(4xx)/FB(4yy) ) × ( FF(4yy)/FF(4xx) ) (4) 
 FF= fraction free; FB= fraction bound         
   
Because of uneven NOE enhancements of the signals by decoupling and long 
longitudinal relaxation times, the 31P NMR spectra of the mixtures were only used 
to qualitatively corroborate the relative extent in which the two TMPCl complexes 
were formed in solution that we derived from the 1H NMR analysis of the mixture. 
We measured that Ka,exp(TMPCl@4oo) is approximately four-fold larger than 
Ka,exp(TMPCl@4ii) and that Ka,exp(TMPCl@4io) is two-fold larger than to 
Ka,exp(TMPCl@4ii). Consequently, Ka,exp(TMPCl@4oo) must be close to 2-fold 
larger than Ka,exp(TMPCl@4io). The presumed ratio of constants was also 
confirmed experimentally by a direct pairwise competition experiment between 
4oo and 4io. In short, the experimentally measured order of binding affinities for 
the receptor series 4 towards ClTMP is as follows: Ka,exp(TMPCl@4oo)  2 × 
Ka,exp(TMPCl@4io)  4 × Ka,exp(TMPCl@4ii).  
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Figure 2.21. Selected regions of the 1H and 31P NMR spectra of: a) TMPCl@4oo, b) TMPCl + 4oo + 
4ii, c) TMPCl@4ii, d) TMPCl@4io, e) TMPCl + 4io + 4ii, and f) TMPCl@4ii. 
This result was completely unexpected for us. In fact our expectations were 
completely opposite. We thought that the 4ii stereoisomer capable of binding the 
ion-pair of the salt in a close contact arrangement and providing stabilizing cation-
dipole and CH···O interactions to the bound TMP moiety when located close to the 
upper rim should afford the more energetically favourable 1:1 complex, probably 
followed by the steroisomer 4io. We rationalized the experimentally measured 
order of binding affinities of the receptor series 4 towards TMPCl by invoking an 
stepwise binding mechanism, as previously proposed for octamethyl 
calix[4]pyrrole receptor 2. In the case at hand, however, we surmise that the 
magnitude of the initial binding of the chloride anion to form the 1:1 anionic 
complex is strongly dependent on the spatial orientation of the phosphonate 
bridging groups. The subsequent complexation of the TMP cation and its 
placement within the ion-paired 1:1 complex, which is indeed mandated by the 
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spatial arrangement of the phosphonate groups of the steroisomeric receptor vide 
supra, provided an almost constant energetic contribution to the overall binding. In 
the 4ii stereoisomer the two oxygen atoms of the phosphonate groups are pointing 
inwardly with respect to the deep cavity in which the chloride is included. Most 
likely, the existence of repulsive electrostatic interactions between the partial 
negative charges of the inwardly directed oxygen atoms of the phosphonate groups 
and their dipoles with the included chloride is responsible for the energetic 
disadvantage of TMPCl@4ii complex with respect to TMPCl@4oo and TMPCl@4io. 
The orientation of the dipole moment of the phosphonate groups changes 
substantially on the basis of the molecular structure of stereoisomers 4. In this 
sense, for the 4io aand 4ii stereoisomers one or the two negative ends of the 
dipoles assigned to the phosphonate groups, respectively, point towards the 
included chloride. However, for the 4oo stereoisomer is the positive end of both 
dipole moments of the phosphonate groups that are directed towards the included 
chloride. Isothermal titration calorimetry (ITC) experiments allowed to quantify 
the magnitudes of the binding constants for the receptor series 4 with TMPCl in 
DCM solution. From the results of these experiments we were also able to 
determine the thermochemical data for the complexation. In general, the binding 
processes showed a reduced heat release (heat vs time). We obtained a good fit for 
the integrated heat to a theoretical binding isotherm corresponding to the 
formation of a 1:1 complex. The inflection point of the sigmoideal binding 
isotherms coincides with a molar ratio value close to 1. The obtained trend and 
ratio of the determined binding affinity values are in complete agreement with the 
results obtained in the pairwise competitive experiments that were analyzed by 1H 
NMR spectroscopy (Ka,exp(TMPCl@4oo)= 8 ± 1 × 105 M-1; G = – 8.0 kcal/mol; H = 
– 3.3 kcal/mol; TH = –  4.7 kcal/mol; Ka,exp(TMPCl@4io) = 5 ± 1 × 105 M-1; G = – 
7.7 kcal/mol; H = – 3.1 kcal/mol; TH = – 4.6 kcal/mol; Ka,exp(TMPCl@4ii) = 2 ± 
0.5 × 105 M-1; G = – 7.2 kcal/mol; H = – 1.9 kcal/mol; TH = – 5.3 kcal/mol). All 
processes were both enthalpically and entropically driven. The strong and 
favourable entropic component measured for all complexation processes suggests 
that solvation/desolvation effects must play a crucial role. 
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a)   b)  
c)  
Figure 2.22. Raw data and binding isotherm for the ITC titration of a) TMPCl into 4oo, b) TMPCl 
into 4io and c) TMPCl into 4ii. The titrations were performed in dichloromethane at 25˚C. The 
enthalpy of binding for each injection is plotted against the ratio of concentrations of TMPCl/4. 
Counter-ion effect 
As commented above, we also wanted to evaluate the effect that the size of the 
cation present in the ion-pair of the chloride salt used as guest produced on the 
absolute and relative binding affinities with the receptor series. For this reason, we 
investigated the complexation properties of the receptor series 4 with two 
additional chloride salts: 1-dodecyltrimethylammonium chloride, 10•Cl, DTMACl 
and tetrabutylammonium chloride 8•Cl, TBACl. The results of the binding 
experiments with receptor series 4 and DTMACl (dynamics, thermodynamics and 
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complex geometries) were analogous to the ones we described above for TMPCl. 
By means of pairwise competitive binding experiments we determined the 
following relationship of binding constants for DTMACl as guest: 
Ka,exp(DTMACl@4oo)  2 × Ka,exp(DTMACl@4io)  4 × Ka,exp(DTMACl@4ii). The 
analogy of the results obtained with DTMACl and TMPCl as guests indicated that 
although the two cations of these salts have different sizes both can be similarly 
accommodated in the cationic binding pockets of the receptors. That is, if the 
DTMA cation directs the long alkyl chain away from the binding pockets of the 
receptor it becomes almost equal in size and shape to the TMP cation.25 Due to 
statistical effects, however, we surmise that the complexes of receptors 4 with 
TMPCl should be slightly more stable thermodynamically than with DTMACl. 
 
1)  
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Figure 2.23. Selected regions of the 1H-NMR and 31P-NMR spectra in DCM-d2 solutions of: 1 a) 
DTACl@4oo, b) an equimolar mixture of DTACl + 4oo + 4ii, c) DTACl@4ii; 2) a) DTACl@4io, b) an 
equimolar mixture of DTACl + 4io + 4ii, c) DTACl@4ii. 
The results obtained in the complexation experiments of the receptor series 4 with 
TBACl are worth to be commented in more detail. Addition of 0.5 equivalent of 
TBACl to separated 1 mM deuterated dichloromethane solutions of the three 
stereoisomers produced the appearance of diagnostic signals of complex 
formation, in the corresponding 1H NMR spectra of the mixtures. For the three 
cases, the exchange dynamics of the complexation processes were 
slow/intermediate on the 1H NMR timescale. We observed separated signals for 
some protons in the free and bound receptors and broadening of other proton 
signals. Integration of selected proton signals for free and bound receptor after 
addition of 1 equivalent of TBACl, allowed us to estimate that the binding constants 
Ka,exp for TBACl@4oo is in the order of 104 M-1. 2D ROESY experiment shows NOEs 
between the α and β protons of TBA+ with the β-pyrrolic protons (Hd) of bound 
4oo indicate that the cation is located in the cup of the calix[4]pyrrole opposite to 
the bound anion. 
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Figure 2.24. a) Selected regions of the 1H-NMR and 31P-NMR spectra of a 3.45 mM solution of 4oo 
in DCM- d2 after addition of 0.95 equivalents of TBACl and b) 2D-ROESY experiment. The CAChe 
energy minimized structure of TBACl@4oo is shown at the right. 
Conversely, the addition of 1 equivalent of TBACl to the solution of 4ii induced the 
formation of the 1:1 complex TBACl@4ii to a much reduced extent, 
Ka,exp(TBACl@4ii)  5±1 × 102 M-1. 2D ROESY experiments reveal no NOE cross 
peaks between the protons of TBA+ and the signals of 4ii. 
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Figure 2. 25 a) Selected regions of the 1H-NMR 31P-NMR spectra of a 3.0 mM DCM-d2 solution of 4ii 
after addition of 1.0 equivalents of TBACl in dichloromethane. b) 2D-ROESY experiment performed 
on a 3.6 mM dichloromethane-d2 solution of 4ii with 1.2 equivalents of TBACl. 
While the Ka,exp for TBACl@4io had a value of 2 ± 0.5 × 103 M-1. In this case, the 2D-
ROESY experiment shows NOEs between the α and β protons of TBA+ with the β-
pyrrolic protons (Hd) of bound 4io indicating that the cation is located in the cup of 
the calix[4]pyrrole opposite to the bound anion. 
 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 









Figure 2.26 . (a) Selected regions of the 1H-NMR and 31P-NMR spectra of a 3.45 mM solution of 4io 
in DCM-d2 solution after addition of 1.0 equivalent of TBACl and (b) 2D-ROESY experiment. The 
CAChe energy minimized structure of TBACl@4io is shown at the right. 
We performed a pairwise competitive experiment between receptors 4oo and 4io 
with TBACl (Figure 2.27) demonstrating the superior binding affinity of 4oo for 
this salt (Ka,exp(TBACl@4oo)/Ka,exp(TBACl@4io)  5) in order to understand the 
reason of the different binding strength in the two hosts. These results 
demonstrated that the general trend in binding affinities determined above for the 
receptor series 4 with TMPCl and DTMACl was also maintained for the TBACl. 
However, the magnitude of the binding affinities of 4ii and 4io towards TBACl 
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were significantly reduced compared to those estimated for TMPCl and DTMACl. 
Most likely, the mismatch that exists between the size of the TBA cation and that of 
the receptor’s binding sites significantly reduced the energetics of complexation.  
 
Figure 2.27. Selected regions of the 1H spectra of: a) TBACl + 4oo, b) TBACl + 4oo + 4io and c) 
TBACl + 4io. 
Remarkably, the magnitude of the binding affinity featured by the phosphonate 
receptor 4oo towards TBACl was three and two orders of magnitude larger than 
those determined for the more conformationally flexible aryl-extended 
calix[4]pyrrole 6 and the meso-octamethylcalix[4]pyrrole 2, respectively. 
2.2.4 Conformational and Electrostatic factors influencing the complexation 
process of receptor 4oo with ion-pair salts.  
In an attempt to dissect the electrostatic and conformational rigidity contributions 
provided by the phosphonate groups of the 4oo receptor to the overall binding 
energy of the TMPCl salt, we also determined the binding properties of the 
synthesized cavitand calix[4]pyrrole 5 towards this salt. The comparison of the 
binding properties exhibited by 5 with those of 4oo should reveal the effect 
provided mainly by the electrostatic factors of the phosphonate groups to the ion-
pair binding. 
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Bis-methylene bridged cavitand 5 was synthesized from the reaction of α,α,α,α-1a 
tetrol with dibromomethane using dry potassium carbonate as base in dry DMSO 
solution heated to 80˚C for 3 hours. The pure compound 5 was isolated in 10% 
yield using semipreparative reverse-phase HPLC. The presence of two methylene 
bridges in the upper rim of 5 endorsed this cavitand with a conformational rigidity 
similar to that of the phosphonate receptor series 4. 
 
Figure 2.28. Synthetic schemes for the preparations of 5 from precursor 1a. 
Bis-methylene bridged host 5 formed a 1:1 complex with TMPCl in deuterated DCM 
for which we could estimate, using 1H NMR titrations, a binding affinity constant 
value Ka,exp(ClTMP@5) > 1 × 104 M-1. We observed slow exchange dynamics for 
the binding process. The signal of methyl protons of bound TMP cation resonate at 
 = 0.67 ppm suggesting its inclusion in the shallow aromatic cavity provided by 
the pyrrole rings in cone conformation that is distal to the bound chloride. In the 
downfield region of the 1H NMR spectrum of the ClTMP@5 complex, we detected 
two signals for the pyrrole NH protons hydrogen bonded to the chloride 
resonating at  = 11.62 and 11.20 ppm. We performed competitive pairwise 
binding experiments involving receptors 6, 4oo and 5 with TMPCl in DCM solution. 
The ratio of the integrals for selected signals of the protons in the free and bound 
receptors and the application of equation (1) allowed us to derive the following 
relationship for the stability constants values of the complexes 
Ka,exp(TMPCl@4oo)  10 × Ka,exp(TMPCl@5)  40 × Ka,exp(TMPCl@6).  
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1)    
2)  
Figure 2.29. Selected regions of the 1H-NMR spectra in DCM-d2 solution of: 1): a) TMPCl@6, b) an 
equimolar mixture of TMPCl + 6 + 4oo and c) TMPCl@4oo. 2): a) TMPCl@6, b) an equimolar 
mixture of TMPCl + 6 + 5 and c) TMPCl@5. 
Thus, we concluded that the bridging phosphonato groups installed in the upper 
rim of the 4oo receptor offered electrostatic and conformational advantages 
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compared to 6, which can be quantified in - 2.2 kcal/mol. The overall gain in 
binding energy of 4oo with respect to 6 can be dissected in the two components by 
the use of receptor 5 as reference. We had considered that receptor 4oo and 5 are 
similarly restricted conformationally (preorganized) for the binding of TMPCl. 
Complexation of TMPCl with 5, however, lacks of the electrostatic interactions 
provided by the phosphonate groups installed in 4oo. We assigned the measured 
difference in the binding energies of TMPCl with 4oo and 5, -1.4 kcal/mol, mainly 
to the existence of electrostatic interactions in the TMPCl@4oo. Consequently, the 
preorganization effect build into the scaffolds of bridged receptors 4oo can be 
quantified approximately as - 2.2 – ( -1.4) = - 0.8 kcal/mol using aryl-extended 
calix[4]pyrrole 6 as reference. These back of the envelop calculations indicate that 
both effects, preorganization and electrostatic interactions, are important for the 
effective binding of organic ion-pairs by receptor 4oo. For the TMPCl@4oo 
complex the TMP cation is not directly interacting with the phosphonato groups 
but exhibiting a separated arrangement of the in-pair in solution. 
2.2.5 Recognition of primary alkylammonium salt by receptor series 4.  
P=O bridged cavitands derived from resorcin[4]arene are well known hydrogen-
bonding receptors for alkylammonium ions.26 By means of gas-phase binding 
studies, it was shown that the number and spatial orientation of the P=O binding 
groups in these receptors have a dramatic influence on their ability to form 
hydrogen bonded complex with primary, secondary and tertiary 
methylammonium ions.27,28 Thus, we became interested in evaluating the effect 
that the geometrical differences provided by the calix[4]pyrrole phosphonate 
cavitand series 4 produced in the complexation of octylammonium chloride OAMCl 
ion-pair, 11•Cl, also in DCM solution. We also wanted to determined, if possible, 
the relative thermodynamic stabilities of the complexes formed by the receptor 
series 4 with primary and tertiary alkylammonium salts. Molecular modelling 
studies indicated that OAMCl can be engaged in an interaction of its 
alkylammonium group (hydrogen bonds, CH··O and cation—dipole interactions) 
simultaneously with the two P=O groups of diastereoisomer 4ii (Figure 2.30 a). 
Geometrical constrains eliminate this bidentate binding possibility for the other 
two diastereoisomeric receptors.  
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We performed 1H NMR titration experiments by adding 0.5 and 1 equivalent of 
OAMCl to separated 1 mM solutions of stereoisomers 4oo and 4ii in deuterared 
DCM. We observed that both complexation processes featured slow exchange 
dynamics on the 1H NMR timescale. In particular, for stereoisomer 4ii the addition 
of 1 equivalent of the salt induced the exclusive observation of proton signals 
corresponding to the bound host. This result indicated that the binding constant 
value for the 1:1 complex of OAMCl@4ii can be estimated as higher than 104 M-1. 
The complexation induced shifts observed for some signals of the protons in the 
octylammonium cation 11 were significant. The signal of the ammonium group 
moved upfield  = - 2.0 ppm, as well as that of the methylene in α position, α - 
0.73 ppm, and the one for β methylene, β = - 0.26 ppm. The placement of the 
cation in the upper rim and the close-contact ion-paired geometry assigned to the 
OAMCl@4ii complex (Figure 2.30b) were supported by the existence of 
intermolecular close contacts between the meso-phenyl protons (para and meta) 
and the methylene protons (mainly α and γ) of the alkyl chain of 11, which 
produced the corresponding cross-peaks in the ROESY spectrum of the complex. 
 
Figure 2.30. a) CAChe energy minimized structure (PM6) of the OAMCl@4ii complex highlighting 
the bidentate binding mode of the alkylammonium cation located in the upper rim. For clarity, the 
alkyl group shown for OAM cation is ethyl and the salt ion-pair is displayed as CPK model; b) 
Selected region of a 2D-ROESY experiment performed on a dichloromethane solution containing an 
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equimolar mixture of 4ii and OMACl. Intermolecular (dotted lines) and intramolecular (solid lines) 
NOEs are indicated by arrows in a. 
In striking contrast, the addition of 1 equivalent of OAMCl to the dichloromethane 
solution of receptor 4oo revealed the co-existence of proton signals both for the 
free and bound host. Integration of proton signals for free and bound host allowed 
us to determined the stability constant value for the 1:1 complex as 
Ka,exp(OAMCl@4oo) = 2±1 × 103 M-1. A careful analysis of the 1H NMR spectrum of 
4oo containing 0.5 equivalent of OMACl revealed that the signals of the methylene 
protons of the cation in α and β position with respect to the ammonium group 
were massively upfield shifted, α = - 2.2 and β = - 0.91 ppm, suggesting a deep 
inclusion in the shallow and electron rich aromatic cavity opposed to the bound 
chloride (Figure 2.31 a). The signal for the protons of the ammonium group of 
OAMCl also experienced a dramatic upfield shift ( = - 5.6). Probably, the 
complexation induced shift of the ammonium protons signals is partially caused by 
the shielding effect of the aromatic cavity in which the cation is located. 
Nevertheless, we propose that the change in geometry experienced by the ion-pair 
of the salt from a close-contact arrangement in the free-state to ion-separated 
arrangement in the ion-paired complex OAMCl@4oo must play an important role 
in the observed chemical shift change. In complete agreement with the proposed 
ion-separated binding geometry assigned to the OAMCl@4oo, the ROESY 
experiment carried out on a solution containing an equimolar mixture of the two 
binding partners ( 75% complex formation) displayed the exclusive existence of 
intermolecular cross peak between the signals of the β-pyrrole protons of the host 
and the α methylene protons in the octylammonium cation (Figure 2.31).  
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Figure 2.31. a) CAChe energy minimized structure (PM6) of the OAMCl@4oo complex with the 
alkylammonium cation located in the electron-rich aromatic cup distal to the bound chloride. For 
clarity, the alkyl group shown for 11 is ethyl and the salt ion-pair is displayed as CPK model; b) 
Selected region of a 2D-ROESY experiment performed on a dichloromethane solution containing an 
equimolar mixture of 4oo and OAMCl. Separate signals for the free and bound protons of the 
receptors are still distinguishable. Primed letters indicate proton signals of the free receptor. 
Intermolecular (dotted lines) and intramolecular (solid lines) NOEs are indicated by arrows in a. 
From all the results of the above experiments, we concluded that the spatial 
location of the cation in the binding geometries of the 1:1 complexes formed by the 
receptor series 4 and quaternary ammonium salts is analogous to that of the 
complexes derived from a primary alkylammonium salt. Most likely, ion-dipole 
with or without the assistance of hydrogen bonding interactions with the 
phophonato groups are responsible to the selective spatial location of both types of 
cations. Interestingly, the trend of the relative thermodynamic stabilities of the 
complexes is complete reversed on changing from quaternary to primary 
ammonium salts. Thus, quaternary ammonium salts formed the more 
thermodynamically stable complexes with the 4oo receptor. On the contrary, a 
primary ammonium salt binds more tightly with the 4ii receptor. Favourable 
hydrogen bonding interactions established between the primary alkylammonium 
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residue and the phosphonate groups29 in the 4ii receptors compensate for the 
reduced binding energy provided in the initial interaction of the chloride with this 
receptor compared to 4oo. Unfortunately, pairwise competitive binding 
experiments in solution were not conclusive for rating the binding affinities of 4ii 
with respect to TMPCl and OAMCl, that is quaternary versus a primary ammonium 
salt. 
2.2.6 Effect of the solvent in the binding of 
tetralkylammonium/ammonium chloride salts 
The nature of the solvents has a strong impact on the behavior of 1:1 electrolytes. 
In low permittivity media, such as DCM, ion pair formation is likely to occur. The 
extent of ion-pair formation is concentration dependent and, based on existing 
information, it is reasonable to consider that at 1 mM concentration 
alkylammonium salts are mainly ion-paired in DCM.30,31,32 On the contrary, in high 
permittivity solvents, such as acetonitrile (ACN) alkylammonium salts at 1mM 
concentration are predominantly ionic species. Conductance measurements are 
practical in establishing these points. The absence of ions in solution correlates 
with the observation of no conductance.  
When the guest salt and the complex are both 100% dissociated equation (5) 
applies referring to the 1:1 complexation process of a mono charged anion: 
H + A- = H • A- ; Ka,exp = [H• A-]/ [H] [A-] in units of M-1 (5) 
The application of equation (5) explicitly assumes that the ligand is present as a 
monomer and the cation is not participating in the binding process. The selection 
of ACN as solvent allows the direct assessment of the selectivity of the receptor 
series 4 towards chloride without having to worry about the effect of the different 
cations. At 298 K only receptor 4oo is significantly soluble in ACN. The solubility of 
receptor 4io was 0.5 mg/mL ( 0.5 mM) and receptor 4ii is not soluble enough to 
be detected by 1H NMR spectroscopy. The 1H NMR titrations of receptors 4oo and 
4io in ACN solution with TMPCl showed slow exchange dynamics for the binding 
process. From the integral values of selected signals for protons in the free and 
bound receptors we calculated the following binding constants values 
Ka,exp(TMPCl@4oo) = 7.0±2 × 103 M-1 and Ka,exp(TMPCl@4io) = 2.0±1 × 103 M-1. The 
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magnitudes of the binding constants are significantly reduced compared to the 
values we estimated/determined in DCM solution, however, the ratio of binding 
constant values Ka,exp(TMPCl@4oo)/Ka,exp(TMPCl@4io) is similar to the one we 
calculated in DCM solution.  
1)  
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Figure 2.32. Selected regions of 1H-NMR and 31P-NMR spectra of: 1):  3.03 mM solution of 4oo in 
ACN-d3 after addition of a) 0 equivalents and b) 1.0 equivalent of TMPCl. 2):  0.3 mM solution of 4io 
in ACN-d3 after addition of a) 0 equivalents and b) 1.0 equivalent of TMPCl. 
This result is in support of our hypothesis stating that the binding of the 
quaternary ammonium cation, in DCM solution, to the initially formed anionic 
complex Cl‾@4 although not being site-identical was energetically very similar in 
the three diastereoisomeric complexes. We postulated that the observed selectivity 
for the three receptors in DCM derived directly from their affinity to the chloride 
and was not influenced by the cation binding. 
The two receptors, 4oo and 4io, were also titrated against the battery of all 
alkylammonium salts. In all cases, the interaction of the anion with the receptor 
induced a large downfield shift of the NH protons and produced the observation of 
two different set of proton signals assigned to the free and bound host. The values 
of the measured binding constants were in the order of 103 M-1, reinforcing the 
idea that the cation is not significantly involved in the formation of ion-paired 
complexes in ACN solution. For any salt, the value for the binding constant with the 
4oo receptor was between four to the five-fold larger than with 4io. In the specific 
case of TBACl, this ratio was also evaluated through a direct pairwise competitive 
experiment affording Ka,exp(TBACl@4oo)/Ka,exp(TBACl@4io)  5 (Figure 2.33).  
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Figure 2.33. Selected regions of the 1H spectra in ACN solution at 298 K of mixtures containing 
equimolar amounts of : a) TBACl + 4oo, b) TBACl + 4oo + 4io, c) TBACl + 4io. 
Finally, we performed a conductometric titration for the pair 4oo and TBACl in 
ACN. The plot of molar conductance m(S cm2 mol-1), against the receptor/ion 
concentration ratio [4oo]/[Cl‾] is shown in Figure 2.34. The observation of a 
significant conductance value (158 S cm2 mol-1) at [4oo]/[Cl‾] = 0, which is very 
close to the mo value for TBACl in this solvent was a clear indication that the salt 
was mainly in the form of ionic species.,33 The incremental addition of 4oo to the 
ACN solution of [TBACl]= 9.8 × 10-5 M-1 induced a decrease in the molar 
conductance. This is due to the complexation of the chloride by the receptor. The 
volume of the Cl‾@4oo complex is larger than that of the free chloride. Therefore, 
the diffusion rate of the complex in solution is reduced compared to that of the free 
chloride. The conductometric titration curve can be adjusted to two different linear 
segments that intersect close to the expected value of [4oo]/[Cl‾] ratio for the 
formation of a 1:1 complex. This result strongly supports the use of equation (5) in 
determining binding affinity constant of receptors 4oo and 4io with chloride in 
ACN solution.  
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Figure 2.34. Conductometric titration curve of chloride anion (TBACl) with 4oo in ACN solution at 
298 K. 
2. 3 Conclusions 
 
We have designed and synthesized unprecedented bis-phosphonate 
calix[4]pyrrole cavitands 4. The synthetic methodology allowed the isolation of 
three diastereomeric bis-phosphonato cavitands that were fully characterized by a 
combination of NMR spectroscopy and X-ray diffraction techniques. The three 
diastereisomeric receptors differ by the relative spatial orientation of the two 
phosphonate groups installed in the upper rim of the common aryl-extended 
calix[4]pyrrole scaffold. We have evaluated the binding properties of the three bis-
phosphonate receptors with a series of tetraalkylammonium chloride salts and one 
primary alkylammonium chloride in DCM and ACN solutions. In DCM solution, the 
three diastereomeric hosts formed thermodynamically (Ka > 104 M-1) and 
kinetically highly stable 1:1 ion-paired complexes with quaternary 
trimethylphosphonium/ammonium chloride salts like TMPCl and DTMACl. In 
solution, the relative orientation of the P=O groups with respect to the aromatic 
cavity has a strong impact on the binding properties of the receptor and in the 
geometry of its ion-paired complex. Thus, the 4ii stereoisomer with the two P=O 
groups inwardly oriented provided the smallest magnitudes in binding constant 
for the 1:1 complex with the chloride quats and displayed a contact arrangement of 
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the ion-pair. The 4oo host featuring outwardly oriented P=O groups produced the 
more thermodynamically stable 1:1 complexes with the same chloride salts and 
displayed a separated arrangement of the ion-pair. We rationalize the observed 
trend in binding affinities as a consequence of stepwise binding mechanism. The 
magnitude of the initial binding of the chloride to form the 1:1 anionic complex 
must be strongly dependent on the spatial orientation of the phosphonate bridging 
groups. The subsequent complexation of the quat cation and its placement within 
the ion-paired 1:1 complex, which is indeed mandated by the spatial arrangement 
of the phosphonate groups, should afford an almost constant energetic 
contribution to the overall binding. The use of TBACl as guest provokes a reduction 
in the thermodynamic stabilities of the corresponding 1:1 ion-paired complexes. 
For a primary alkylammonium chloride the arrangement of the ion-pair in the 
complexes is similarly controlled by the relative orientation of the P=O groups in 
the hosts. Surprisingly, however, the trend in binding affinities for their 1:1 
complexes is reversed compared to that measured for the quaternary ammonium 
salts. Favorable hydrogen bonding interactions established between the primary 
alkylammonium residue and the phosphate groups in the 4ii receptors pay-back 
for the reduced binding energy provided by the initial interaction of the chloride 
with this receptor compared to 4oo. In ACN solution the alkylammonium chloride 
salts and their complexes with the receptor series are mainly ionic species. 
Consequently, the cation is not significantly involved in the binding process. In this 
solvent, the binding affinities we determined for the bis-phosphonate cavitands 
with chloride salts having alkylammonium cations of different sizes or substitution 
levels, quaternary or primary, are always of the order of 103 M-1. We measured that 
Ka,exp(TMPCl@4oo)/Ka,exp(TMPCl@4io)  4, both in DCM and ACN solutions. This 
result supports the hypothesis that binding of the quaternary ammonium cation in 
DCM solution even occurring at different sites of the host is energetically very 
similar for the two diastereoisomeric hosts. 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 







2. 4 Experimental Section 
 
General information and instrumentation 
All syntheses were carried out using chemicals as purchased from commercial 
sources unless otherwise noted. All commercial solvents and chemicals were of 
reagent grade quality and were used without further purification except as noted. 
When required, dried and deoxygenated solvents supplied by Sigma-Aldrich 
Solvent Purification System (SPS-200-6) were used. Thin-layer chromatography 
(TLC) and flash column chromatography were performed with DC-Alufolien 
Kieselgel 60 F254 (Merck) and silica gel 60A for chromatography (SDS) 
respectively. 1H and 31P NMR spectra were recorded on a Bruker Avance 400 
(400.1 MHz for 1H NMR) and Bruker Avance 500 (500.1 MHz for 1H NMR) 
ultrashield spectrometer; Mass Spectrometry experiments on a LCT Premier, 
Waters-Micromass ESI or Autoflex, Bruker Daltonics MALDI. FT-IR measurements 
were carried out on a Bruker Optics FTIR Alpha spectrometer equipped with a 
DTGS detector, KBr beam splitter at 4 cm-1 resolution. Isothermal titration 
calorimetry experiments (ITC) were performed using a Microcal VP-ITC 
Microcalorimeter. The conductometric titrations were performed by Mettler-
Toledo conductimeter, using a 84μS/cm sensor previously calibrated with a 
0.00056 M KCl solution.  
Binding studies 
1H NMR dilution experiments of bis-phosphonate calix[4]pyrroles in DCM solution. 
The 1H NMR dilution experiments of 4 were carried out on a Bruker 400MHz 
spectrometer, at 298 K. Solutions were prepared by weighting separately the three 
diastereoisomers in three different volumetric flasks of 1 mL in order to make a 
moderately concentrated stock solution (4ii: 13.2 mM; 4oo: 17.6 mM; 4io: 14.2 
mM). A 1H NMR spectrum of 0.5 mL of 4ii, 4oo and 4io stock solution was 
recorded for each stereoisomer. Then each NMR tube solution was sequentially 
diluted by transferring specific volumes of solvent by a volumetric pipette, for a 
total of three sequential dilutions per host solution (8 mM; 5 mM; 1 mM). The 
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oligomerization process shows a fast exchange in the NMR timescale in all cases, 
and the constants were determined by monitoring the chemical shift changes of 
the β- pyrrolic protons as incremental volume of solvent was added. The value of 
the association constant was calculated using the software HyperNMR 
1H NMR binding experiment of 6 with TBACl in DCM solution. The complexation 
behaviour of 6 toward TBACl was studied by 1H NMR on a Bruker 400MHz 
spectrometer, at 298 K. The association constant was determined by adding 
aliquots of a 1.5 x 10-1 M solution of TBACl in CD2Cl2 into the NMR tube containing 
a 1.46 x 10-2 M solution of 6 in the same solvent. The concentration of the receptor 
was variable throughout the titration. The complexation of TBACl shows a fast 
exchange in the NMR timescale. The association constant between 6 and the 
chloride anion was determined as Ka,exp = 1±0.2 × 101 M-1 by monitoring the 
chemical changes of the protons resonating at 6.80 ppm (meso-phenyl protons) 
and 4.65 ppm (methylene protons of the lateral chain) in the 1H NMR spectrum as 
incremental amounts of the guest were added (0.5; 1; 2; 5; 10 equivalents of 
TBACl). The value of the association constant was calculated using the software 
HyperNMR. The data were fitted to a simple 1:1 binding model. 
The conductometric titrations were performed in 25 mL vials equipped with a 
magnetic stirring bar and placed on top of a stirring plate. The conductivity of a 
pure acetonitrile solution afforded a value of 0.22μS/cm. A solution of [TBACl] = 
0.98 x 10-4 M in acetonitrile gave a conductivity value of 15.49 μS/cm. We placed 
20 mL of the above solution in the 25 mL vial and added incremental amounts of a 
[4oo] = 1.7 x 10-3 M solution in the same solvent. After each addition the mixture 
was stirred for 2 minutes to ensure a good mixing of all the components. The 
measurement of the conductance of the solution was performed after switching off 
stirring. The process of stirring and measurement was repeated until a constant 
value for the conductance was obtained.  
The ESI-MS experiments were carried out using an Electrospray Ionization source 
combined with a Time-of-Flight mass spectrometer (ESI-TOF), operating in 
negative and positive mode. The samples were continuously sprayed using 
nitrogen as drying gas (desolvation at 510 L/hr). The injection rate was 
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maintained constant at 20 μL/min. The voltage applied at the ESI needle was 
increased from 0V to 500V, while a voltage of 0V was applied to the cone. The 
source and desolvation temperatures were set to 120 °C and 200 °C, respectively.  
Synthesis 
meso-Tetramethyltetrakis(hydroxyphenyl) calix[4]pyrrole 1a: 
3-hydroxy acetophenone (6.0 g, 44 mmol) was dissolved in HPLC grade MeOH 
(200 mL) and methanesulfonic acid was added dropwise (1.4 mL, 22.03 mmol). 
The solution turned from pale yellow to red after addition of freshly distilled 
pyrrole (3 mL, 44 mmol). The reaction was protected from light and refluxed for 3 
hrs. Then quenched by addition of triethylamine (4 mL) and distilled water (200 
mL). MeOH was evaporated and the aqueous solution extracted with AcOEt (3 × 
200 mL). The collected organic fractions were dried over sodium sulphate and the 
solvent removed under reduced pressure. The desired isomer was filtered off by 
crystallization of the reaction crude from CH3CN (20 mL) as white solid with a 
yield of 2%. 1H-NMR (400 MHz, CD3CN) δH ppm 7.96 (bs, 4H), 7.10 (t, 4H), 6.58 (dd, 
4H), 6.51 (dd, 4H), 6.42 (bt, 4H), 6.04 (d, 8H), 2.15 (bs, 4H), 1.88 (s, 12H). 
Bis-phosphonate cavitands 4: 
To a solution of calix[4]pyrrole 1a (200 mg, 0.270 mmol) in dry THF (10 mL) and 
freshly distilled triethylamine (0.753 mL, 5.40 mmol), phenylphosphonic 
dichloride (0.095 mL, 0.675 mmol) was added dropwise under argon atmosphere. 
The reaction mixture was stirred for 2 hrs at room temperature. The solvent was 
removed in vacuo and water (50 mL) was added to solubilise the 
triethylammonium chloride salt. The suspension was extracted with CH2Cl2 (2 × 50 
mL). The organic extracts were combined, dried, filtered and the solvent removed 
in vacuo. The 1H-NMR spectrum of the residue indicated the presence of a mixture 
of three diastereoisomers 4io, 4oo, 4ii. The reaction crude was first purified by 
Combiflash (SiO2; CH2Cl2 : MeOH 99:1) in order to remove the oligomers/polymers 
formed during the reaction with 60% overall yield. The fraction containing the 
three diastereomers was purified by semipreparative HPLC (Spherisorb silica 250 
× 20 mm, 5 μm; SiO2; CH2Cl2 : MeOH 99:1) to yield each separated isomer 4io, 4oo 
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and 4ii as a white solid (Retention times: 4.8 minutes, 6.19 minutes and 9.8 
minutes, respectively). The isomers can be further purified by crystallization from 
acetonitrile.  
Experimental data 4io (white solid, 30%). M.p.: T > 200ºC (slow decomposition); 
1H-NMR (500 MHz, CD2Cl2, 25°C): δ (ppm) = 8.20 (bs, 1H), 8.08 (bs, 2H), 8.02 (m, 
3JH-P ~ 14 Hz, 3JH-H ~ 7.3 Hz,  4JH-H ~ 1.2 Hz, 4H), 7.84 (bs, 1H), 7.71 (m, 3JH-H ~ 7.3 Hz, 
4JH-H ≈ 5JH-P  ~ 1.2 Hz, 2H), 7.61 (m, 3JH-H ~ 7.3 Hz, 4JH-P  ~ 4.8 Hz, 4H), 7.32 (s, 2H), 
7.25 (t, 3JH-H ~ 7.98 Hz, 2H), 7.21 (t, 3JH-H ~ 7.98 Hz, 2H), 7.02 (d, 3JH-H ~ 7.98 Hz, 
2H), 7.01 (d, 3JH-H ~ 7.98 Hz, 2H), 7.00 (d, 3JH-H ~ 7.98 Hz, 2H), 6.95 (s, 2H), 6.83 (d, 
3JH-H ~ 7.98 Hz, 2H), 6.23 (d, 4JH-H ~ 2.17 Hz, 2H), 6.2 (d, 4JH-H ~ 2.17 Hz, 2H), 5.96 (t, 
4JH-H ≈ 3JH-H ~ 2.17 Hz, 2H), 5.91 (t, 4JH-H ≈ 3JH-H ~ 2.17 Hz, 2H), 2.02 (s, 6H), 2.0 (s, 
6H). 31P-NMR (500 MHz, CD2Cl2, 25°C): δ = (ppm) 15.53 (P(O)in), 13.27 (P(O)out). 
HR-MALDI-MS: m/z calculated for C60H50N4O6P2 984.32, found 984.31; FT-IR ν (cm-
1) 3000 (P-CHAr streaching, 1580 (P-Ar aromatic ring in-plane stretching), 1480-
1427 (P-Ar aromatic ring in-plane stretching), 1265,1228,1202 PO stretching; 942 
(interaction between aromatic ring vibration and P-C stretching); elemental 
analysis calculated for  C60H50N4O6P2 + (3 × CH3OH) (%):  C, 69.99; H, 5.78; N, 5.18; 
found: C, 69.82; H, 5.34; N, 5.81. 
Experimental data 4oo (white solid, 10%). M.p.: T > 180 ºC (slow decomposition); 
1H-NMR (500 MHz, CD2Cl2, 25°C): δ (ppm) = 8.04 (bs, 2H), 8.00 (m, 3JH-P ~ 14 Hz, 
3JH-H ~ 7.3 Hz,  4JH-H ~ 1.2 Hz, 4H), 7.70 (m, 3JH-H ~ 7.3 Hz, 4JH-H ≈ 5JH-P  ~ 1.2 Hz, 2H), 
7.60 (m, 3JH-H ~ 7.3 Hz, 4JH-P  ~ 4.8 Hz, 4H), 7.49 (bs, 2H), 7.26 (t, 3JH-H ~ 7.7 Hz, 4H), 
7.22 (d, 3JH-H ~ 7.7 Hz, 4H), 7.18 (s, 4H), 6.86 (d, 3JH-H ~ 7.7 Hz, 4H), 6.32 (d, 4JH-H ~ 
2.65 Hz, 4H), 5.50 (bs, 4H), 2.07 (s, 12H); 31P-NMR (500 MHz, CD2Cl2, 25°C): δ 
(ppm) = 12.5; HR-MALDI-MS: m/z calculated for C60H50N4O6P2 984.32, found 
984.3; FT-IR ν (cm-1) 3000 (P-CHAr stretching), 1580 and 1480-1427 (P-Ar 
aromatic ring in-plane stretching), 1272,1232,1201 (PO stretching), 847 
(interaction between aromatic ring vibration and P-C stretching); elemental 
analysis calculated for C60H50N4O6P2 + (2 × CH3OH) (%): C, 70.98; H, 5.57; N, 5.34; 
found: C, 70.03; H, 5.60; N, 5.38. 
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Experimental data 4ii (white solid, 22%). M.p.: T > 230ºC (slow decomposition); 
1H-NMR (500 MHz, CD2Cl2, 25°C): δ (ppm) = 8.18 (bs, 4H), 8.04 (m, 3JH-P ~ 14 Hz, 
3JH-H ~ 7.3 Hz,  4JH-H ~ 1.2 Hz, 4H), 7.71 (m, 3JH-H ~ 7.3 Hz, 4JH-H ≈ 5JH-P  ~ 1.2 Hz, 2H), 
7.61 (m, 3JH-H ~ 7.3 Hz, 4JH-P  ~ 4.8 Hz, 4H), 7.24 (t, 3JH-H ~ 7.9 Hz, 4H), 7.02 (d, 3JH-H ~ 
7.9 Hz, 4H), 6.96 (d, 3JH-H ~ 7.9 Hz, 4H), 6.94 (s, 4H), 6.17 (d, 4JH-H ~ 2.55 Hz, 4H), 
6.05 (d, 4JH-H ~ 2.55 Hz, 4H), 1.80 ppm (s, 12H); 31P-NMR (500 MHz, CD2Cl2, 25°C) δ 
(ppm): 14.64 (s, P(O)); HR-MALDI-MS: m/z calculated  for C60H50N4O6P2 984.32, 
found: 984.32; FT-IR ν (cm-1) 3000 (P-CHAr streaching), 1580 (P-Ar aromatic ring 
in-plane stretching), 1480-1427 (P-Ar aromatic ring in-plane stretching), 
1265,1228,1202 (PO stretching), 942 (interaction between aromatic ring vibration 
and P-C stretching); elemental analysis calculated for C60H50N4O6P2 + (2 × CH3CN) 
(%):  C, 72.04; H, 5.29; N, 7.88; found: C, 71.44; H, 5.27; N, 7.93. 
Bis-methylene cavitand 5. 
Calix[4]pyrrole 1a (0.300 g, 0.405 mmol) and oven-dried K2CO3 (0.213 g, 1.539 
mmol) were dissolved in dry DMSO (10 mL). CH2Br2 (57 µL, 0.806 mmol) was 
added, under nitrogen, and the mixture was stirred at 80°C for 3 hrs. The solvent 
was removed in vacuo and the crude was washed with water (5 mL) and extracted 
with CH2Cl2 (3 × 5 mL). The residue was purified by semipreparative HPLC 
(Sunfire prepC 100 x 4.6 mm, 5 micron), using a 60:40 THF : H2O mixture as eluant 
(Retention time = 7.9 minutes). From the collected fraction containing the desired 
compound, THF was evaporated under reduced pressure and the water fraction 
was lyophilised yielding 5 as a yellowish solid in 10% yield. M.p.: decomposition at 
T > 160°C. 1H-NMR (400 MHz, CD2Cl2) δ (ppm) 7.67 (bs, 2H), 7.52 (bs, 2H), 7.18 
(t, 3J~7.55 Hz, 4H), 6.89 (d, 3J~7.55 Hz, 4H), 6.81 (d, 3J~7.55 Hz, 4H), 6.60 (bs, 
4H), 6.14 (d, 4J~2.60 Hz, 4H), 5.88 (bs, 4H+2H), 5.55 (d, Jgem~7.18 Hz, 2H), 1.96 
(s, 12H). 13C-NMR (500 MHz, CD2Cl2) δ (ppm) 28.32, 44.6, 92, 105.75, 117.07, 
118.27, 121.21, 128.71, 137.2, 138.1, 150.7, 156.1; ESI-TOF ES+: m/z calculated for 
C50H44N4O4 ([M+H]+) 765.34, found 765.3 [M+H]+. 
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33 A DCM solution of [TBACl] = 1 ×10-4 M-1 gave a reading of molar conductance of m = 49 S cm-2 
mol-1. 
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3. 1 Introduction 
 
The binding properties displayed by tetraphosphonate cavitands derived from 
resorcin[4]arenes in the recognition of cations and hydrogen-bond donor 
molecules1,2,3,4, as well as alcohols5 and ammonium substrates6,7, prompted us to 
further investigate the synthesis of tetraphosphonate calix[4]pyrroles derivatives. 
We disclose here the synthesis and binding properties of a series of two 
heteroditopic calix[4]pyrroles receptors 2, conformationally more rigid than the 
bis-phosphonate counterparts described in Chapter 2, due to the installation of 
four phosphonate bridging groups at the upper rim. In addition, receptors 2 are 
equipped with four long alkyl chains substituted in the meso-carbons instead of 
simple methyl groups (Figure 3.1). The presence of meso-alkyl substituents in the 
lower rim renders receptors 2 to be significantly more soluble in DCM solution 
than bis-phosphonates 1. The aim of the study of the binding properties of 
receptors series 2 with alkylammonium salts is twofold. On the one hand, we 
wanted to quantify the effect on the the binding strengh of ion-paired complexes 
with alkylammonium/ammonium chloride salts exerted by the four phosphonate 
groups compared to two. On the other hand, we were interested in increasing the 
solubility of the phosphonate calix[4]pyrroles in organic solvents in order to 
evaluate their potential applications as membrane transporters. 
 
Figure 3.1 Energy minimized structure of: a) bis-phosphonate calix[4]pyrrole 1oo and b) tetra-
phosphonate calix[4]pyrrole 2oooo. 
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3. 2 Results and discussion 
 
3.2. 1 Synthesis 
The installation of the four phosphonate walls in the upper rim of the lipophilic 
octol precursor 38,9 was achieved following a synthetic procedure analogous to the 
one described  for the preparation of bis-phosphonate cavitands 1 (Scheme 3.1). In 
particular, octol α,α,α,α-3 was reacted with dichloro(phenyl)phosphane oxide, in 
presence of triethylamine, in tetrahydrofuran solution. The pure stereoisomers, 
2oooo and 2oooi, were isolated by semipreparative HPLC (Spherisorb silica 250 x 
20 mm, 5 μm) using DCM : Hexane 60 : 40 as eluent and crystallized from 
acetonitrile solution in 3% and 9% yields, respectively. 
 
Scheme 3.1. Synthetic scheme for the preparation of tetra-phosphonate calix[4]pyrrole 
diastereomers receptors 2. 
Only two of the six possible diastereoisomers were isolated from the reaction 
crude of the acid catalyzed condensation of pyrrol and the lipohilic alkyl-aryl 
ketone.10,11 We observed that the reaction produced mainly two diastereomers 
displaying a clear preference to direct the oxygen atoms of the phosphonate 
groups outwardly with respect to the calix[4]pyrrole cavity. We were able to 
isolate from the crude reaction mixture the stereoisomer 2oooo(o=out) with the 
four oxygens directed outside the cavity of the receptor and the stereoisomer 
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2oooi(o=out; i=in) in which one of the three oxygens points towards the inner 
cavity of the calix[4]pyrrole. This result was not completely unexpected. It is 
reported in literature that the incorporation of four phosphate groups in the 
resorcin[4]arene scaffold led to a slight preference for the outward orientation of 
at least three of the P=O moieties in spite of the steric hindrance experienced by 
the inwardly directed phenyl groups. In the phosphonato cavitands derived from 
resorcin[4]arene the iiii isomer is absent. This result has been explained by the 
existence of a strong preference of the molecules to fill the cavity with at least one 
phenyl group. The selective preparation of the stereoisomer iiii has been reported 
only in presence of a specific template, usually a solvent and/or a reactant present 
in the reaction mixture (i.e. pyridine, triethylamine, etc.).12,13,14 
3.2. 2 Configurational assignment 
We performed the complete assignment of the proton signals observed in the 1H 
NMR spectra of the two diastereoisomers by means of 2D experiments. Single 
crystals of 2oooo were grown by slow evaporation from acetonitrile solution and 
corroborate the structural assignment (Figure 3.2). Crystals of 2oooi were also 
isolated from acetonitrile and dichloromethane solutions but they were not 
suitable for X-ray crystallographic analysis. In the solid state, the 2oooo 
calix[4]pyrrole receptor adopts the cone conformation with one molecule of 
acetonitrile included in its aromatic cavity and hydrogen bonded to the four pyrrole 
NHs. A second molecule of acetonitrile is located in the cup provided by the four 
pyrrole rings. The phenyl substituents in the phosphorous atoms are directed away 
from the cavity. Moreover, the phophonate bridges introduced at the upper rim 
significantly reduce the conformational flexibility of the cavitand receptor 2oooo. 
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Figure 3.2 Solid state structure of the diastereoisomer 2oooo. 
Receptor 2oooo presents a 1H NMR spectra compatible with a C4v symmetry and a 
reduced number of proton signals compared to 2oooi. Due to the symmetry of the 
molecule, the NH protons appear as single signal resonating at δ = 7.5 ppm. The β-
pyrrolic protons Hb appear as a doublet at  = 6.17 ppm. Using 2D ROESY 
experiments it was also possible to assign the meso-aromatic protons Hc and Hd to 
the signals resonating at  = 7.37 ppm and 6.36 ppm, respectively. The ortho-
protons Hk show a JH-P coupling ~ 14 Hz and resonate at  = 8 ppm. The 31P NMR 
spectrum of 2oooo displays one signal at  = 13.63 ppm corresponding to the four 
chemically equivalent phosphorus atoms.  
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Figure 3.3. Selected downfield region of the 1H and 31P NMR spectra (400MHz) of the 2oooo 
stereoisomer at 298 K in CDCl3 solution. The proton assignment is shown in the structure of the 
2oooo receptor represented at the top. 
The downfield region of the 1H NMR spectra of the 2oooi stereoisomer having Cs 
symmetry is shown in Figure 3.4. Three broad triplets resonating at δ = 7.79, 7.76, 
and 7.72 ppm with relative intensities 1:2:1 were assigned to the NH protons (Ha, 
Hb, Hc) of the calix[4]pyrrole core. The signal of the β-pyrrolic protons Hg involved 
in the fourteen-membered macrocyclic unit with the inwardly orientated P=O 
group with respect to the cavity is shifted upfield compared to the β-pyrrolic 
protons having outwardly orientated P=O groups and resonate at δ = 6.045 ppm. 
The ortho-protons Hk, Hv and Hr are chemically non-equivalent and show a JH-P 
coupling ~ 14 Hz and resonate at 8 ppm. The 31P NMR spectrum of 2oooi displays 
only two different but broad signals resonating at  = 14.37 and 12.96 ppm 
corresponding to the three chemically non-equivalent phosphorus nuclei. Based on 
integration values, the phosphorus atoms with oxygens outwardly directed with 
respect to the calix[4]pyrrole cavity resonated at higher field with respect to the 
one with the oxygen inwardly directed. 
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Figure 3.4. Selected downfield region of the 1H and 31P NMR spectra (400MHz) of the 2oooi 
stereoisomer at 298 K in CDCl3 solution. The proton assignment is shown in the molecule of the 
2oooi receptor represented in the top. 
3.2.3 Binding studies in dichloromethane 
The interaction of the two stereoisomers 2oooo and 2oooi with TMPCl was 
probed in DCM solution through direct and pairwise competitive experiments, 
using 1H and 31P NMR spectroscopic techniques.  The results derived from the 31P 
NMR spectra were used only for a qualitatively analysis and to corroborate the data 
obtained in 1H NMR spectra. Direct titration experiments were performed by adding 
two doses of 0.5 equivalent of TMPCl to NMR tubes containing individual DCM 
solutions of each stereoisomer. The initial addition of 0.5 equivalents of TMPCl to 
2oooo induced the appearance of new proton signals in the 1H NMR spectrum and 
two new phosphorous signals in the 31P NMR spectrum. The observation of 
separate proton signals for the free and bound receptor 2oooo is indicative of the 
existence of slow chemical exchange between them on the NMR timescale. The new 
signals observed in the 31P NMR spectrum were assigned to the phosphorous atoms 
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of bound 2oooo (broad,  = 11.5 ppm) and the phosphorous atom of bound TMP ( 
= 22.9 ppm) involved in the TMPCl@2oooo complex. The phosphorous atoms of 
free 2oooo and free TMPCl resonated at  = 13.0 ppm and  = 26.9 ppm, 
respectively. The integral ratio of proton signals for the free and bound 2oooo 
resulted 1:1. The signals of the bound pyrrole NHs experienced significant 
downfield shifts ( ~ 4.15 ppm) as a result of the formation of hydrogen bonds 
with the included chloride. The signals of the β-pyrrole protons and all the signals of 
the aromatic protons of the meso-phenyl substituents of 2oooo experienced upfield 
shifts in the bound receptor. While the signals of the phenyl-phosphonate protons 
resulted slightly shifted upfied, they were almost unaffected by the complexation 
(Figure 3. 5). The signal of the methyl protons of the TMP cation experienced a 
significant upfield shift ( = 0.659 ppm;  = - 1.471 ppm). The addition of one 
equivalent of TMPCl induced the exclusive observation of the signals assigned to the 
proton and phosphorous atoms of the TMPCl@2oooo complex. These observations 
indicated that the value of the experimental association constant, Ka,exp, for the 
TMPCl@2oooo complex can be estimated as higher than 104 M-1 and cannot be 
measured accurately by 1H NMR titrations. When more than 1 equivalent of TMPCl 
was added, the chemical shifts of the proton signals of the bound 2oooo receptor 
were not affected. However, the proton signal of the methyl groups of TMP cation 
and the signal of its phosphorous atom shifted downfield. This observation was 
indicative of the existence of a fast exchange on the 1H NMR timescale between free 
and bound TMP cations. The observation of different exchange dynamics between 
free and bound receptor and between free and bound cation confirmed the 
existence of two different exchange processes as we already discussed for the bis-
phosphonate calix[4]pyrroles 1. Also in this case, the self-exchange of the included 
anion or the exchange of a solvent molecule by an anion requires a conformational 
change of 2oooo. On the contrary, the chemical exchange between free and bound 
TMP cation can take places directly.   
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Figure 3. 5. Selected regions of the 1H and 31P NMR spectra of the titration of 2oooo with TMPCl: a) 
0 equivalents; b) 0.5 equivalents; and c) 1 equivalent added. 
A 2D ROESY experiment carried out in DCM solution containing equimolar amounts 
of 2oooo and TMPCl revealed the existence of negative cross peaks between the 
doublet of the methyl protons of TMP and the β-pyrrolic protons (Hb) of the 
receptor. Consequently, we postulate that the preferred binding geometry for the 
TMPCl@2oooo complex in solution is that of a receptor separated ion-pair 
arrangement (Figure 3.6).  
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Figure 3.6. Selected region of the 2D-ROESY experiment performed on a dichloromethane solution 
of 2oooo with 1.0 equivalents of TMPCl. The observed intermolecular NOE cross-peak between the 
protons of TMP+ and the β-pyrrolic protons (Hb) of bound 2oooo indicate that the cation is located 
in the calix[4]pyrrole cup opposite to the bound chloride. 
1H and 31P NMR titration experiments performed between 2oooi and TMPCl 
indicated that the binding process occurs following the same dynamic and 
thermodynamic trends observed for the formation of TMPCl@2oooo. Interestingly, 
when 1 equivalent of TMPCl is added to a dichloromethane solution of 2oooi, the 
chemical shift value of the signal corresponding to the methyl groups of the TMP 
cation is still noticeably upfield shifted (  0.663 ppm;  = - 1.43 ppm).  
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Figure 3.7. Selected regions of the 1H-NMR and 31P-NMR spectra of a dichloromethane solution of 
2oooi after the addition of a) 0, b) 0.5 and c) 1.0 equivalent of TMPCl. 
A 2D ROESY experiment performed with a dichloromethane solution containing 
equimolar amounts of the receptors 2oooi and TMPCl salt displayed intense cross-
peaks between the signal of the methyl protons of TMP and the signals of the β-
pyrrole protons of the receptors. Taken together, these results suggest that the 
TMPCl@2oooi complex also adopts a separated ion-pair arrangement in solution. 
The presence of a single phosphonate group with an oxygen atom inwardly 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 







oriented is not enough to induce the switching in the binding mode of the complex 
(Figure 3.8). 
 
Figure 3.8. Solid state structure of the ion-pair complex TMPCl@2oooi and selected region of the 
2D-ROESY experiment of a dichloromethane solution containing an equimolar mixture of 2oooi 
and TMPCl. 
The formation of the ion-pair complex TMPCl@2oooi in solution was also 
supported by solid state data (Figure 3.8). Single crystals suitable for X-ray 
diffraction analysis grew from a dichloromethane solution containing equimolar 
amounts of 2oooi and TMPCl. The solution of the diffraction data revealed the 
existence of the inclusion complex TMPCl@2oooi also in the solid state. 
Unfortunately, the columnar packing of the TMPCl@2oooi complex in the crystal 
did not provide an unambiguous answer for the preferred placement of the TMP 
cation with respect the deep included anion in the solid state.  
Pairwise competitive binding experiments were carried out in order to measure the 
relative binding affinities of the two stereoisomers 2 with TMPCl. We prepared 1 
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mM solutions containing a close to equimolar mixture of the two tetra-phosphonate 
receptors 2 and TMPCl in deuterated dichloromethane. The binding process was 
monitored using 1H and 31P NMR spectroscopy, similarly to the case of the direct 
titration experiments commented above. The interaction of receptors 2 with 
chloride induced a considerable downfield shift of the NH pyrrole signals. We 
observed different sets of signals corresponding to the NH protons hydrogen 
bonded to chloride for each TMPCl@2 complexes (Figure 3.9). In the aromatic 
region of the 1H NMR spectra of the mixture, we also could identify separate signals 
for some protons of the free and bound state of both receptors. In addition, the 31P 
NMR spectrum displayed different signals for the phosphorus atoms of the two 
receptors, both in the free and bound state. 
 
Figure 3.9. Selected regions of the 1H and 31P NMR spectra of: a) TMPCl@2oooo; b) TMPCl + 2oooo 
+ 2oooi; and c) TMPCl@2oooi. 
The integral values of selected proton signals for each receptor, in both free and 
bound state, were used to calculate the ratio of association constant values. We 
measured that Ka,exp(TMPCl@2oooo) is approximately four-fold larger than 
Ka,exp(TMPCl@2oooi). This result did not surprise us. As we already learned 
through the study of simpler bis-phosphonate calix[4]pyrroles 1, the magnitude of 
the binding constant for the ion-paired complex TMPCl@1 are correlated well with 
the strengh of the initial interaction of the chloride anion to form the 1:1 anionic 
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complex. In turn, this latter interaction strenght is strongly dependent on the spatial 
orientation of the phosphonate bridging groups, while the complexation of the TMP 
cation provides an almost constant energetic contribution to the overall binding. We 
have assigned to the existence of repulsive electrostatic interactions between the 
partial negative charges of the inwardly directed oxygen atoms of the phosphonate 
group and their dipoles with the included chloride a destabilizing effect. 
Consequently, the TMPCl@2oooi complex was expected to be energetically less 
favorable than the TMPCl@2oooo complex. The value obtained for the ratio of 
stability of the tetraphosphonato receptor series encouraged us to perform 
additional competitive experiments between the tetra-phosphonate calix[4]pyrrole 
2oooo and the simpler bis-phosphonate stereoisomer 1oo counterparts. We 
selected TMPCl as a guest and performed a pairwise competitive experiment. The 
1H NMR and 31P NMR spectra of a DCM solution containing an equimolar mixture of 
the two receptors and TMPCl showed protons signals corresponding to the 
exclusive formation of the TMPCl@2oooo complex and the expected signals for the 
protons of 1oo free cavitand. Consequently, we estimated that 
Ka,exp(TMPCl@2oooo) must be 100-fold larger than Ka,exp(TMPCl@1oo). It is worth 
noting that in the 31P NMR spectrum of the above mixture the signal of the 
phosphorus atom for 1oo showed a reduced upfiled-shift (Δδ = - 0.74 ppm) 
compared to the chemical shift measured in a solution containing 1oo alone. Most 
likely, this shift is produced by the existence of aggregation processes between the 
bis and tetra-phosphonate receptors.  
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Figure 3.10. Selected regions of the 1H and 31P NMR spectra at 298 K of DCM solutions of: a) 
TMPCl@2oooo; b) TMPCl + 2oooo + 1oo; and c) TMPCl@1oo. 
An analogous competitive experiment performed between 2oooi and 1oo using 
TMPCl as guest was used to calculate Ka,exp(TMPCl@2ooo), that is approximately 
80-fold larger than Ka,exp(TMPCl@1oo).  
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Figure 3.11. Selected regions of the 1H-NMR and 31P-NMR spectra of DCM-d2 solutions of a) 
TMPCl@2oooi; b) an equimolar mixture of 2oooi, 1oo and TMPCl; c) TMPCl@1oo.  
The results obtained in the experiments described above testify the superior 
binding properties of the tetra-phosphonate calix[4]pyrroles 2 receptors for the 
ion-paired complexation of TMPCl with respect to the bis-phosphonates 1. We 
attribute the higher binding strength displayed by 2 in the complexation of TMPCl to 
the existence of an increased number of electrostatic interactions and the higher 
conformational rigidity imparted by the four phosphonate groups (instead of two) 
in the complexation of the TMPCl salt. These effects are maximized in the case of the 
2oooo stereoisomer. ESI-MS experiments performed using negative and positive 
detection modes and capillary voltages in the range of 0-500 V confirmed the NMR 
data. We also performed isothermal titration calorimetry (ITC) experiments at 298 
K to quantify the binding constants of the receptor series 2 with TMPCl in DCM 
solution. We obtained a good fit for the integrated heat data to the theoretical 
binding isotherm for the formation of a 1:1 complex. We calculated that 
Ka,exp(TMPCl@2oooo) is 5 ± 3.5 × 107 M-1 while Ka,exp(TMPCl@2oooi) is 1.5 ± 0.2 × 
107 M-1. The ratio of the experimentally determined binding constant values is in 
complete agreement with the results obtained from the NMR pairwise competitive 
experiments. These experiments were also useful for the calculation of values of 
the thermodynamic constants of the complexation processes. In general, the 
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binding processes showed a small heat release (heat vs time). The complexation of 
TMPCl by the receptors series 2 was both enthalpically and entropically driven. 
The strong and favourable entropic component measured for the two 
complexation processes suggests that solvation/desolvation effects must play a 
crucial role.  
a) b)  
Figure 3.12. Top: Raw data heat vs time. Bottom: Fit of the integrated heat (squares) to the 
theoretical binding isotherm for a 1:1 complex formation of a)TMPCl titrated into a DCM solution of 
2oooo and b)TMPCl titrated into a DCM solution of 2oooi. The titrations were performed at 25 C. 
The integrated heat for each injection is plotted against the concentrations’ ratio TMPCl/2.  
We were also interested in evaluating the effect that the addition of two 
phosphonate groups at the upper rim of the calix[4]pyrrole could have on the 
complexation of a primary ammonium salt i.e. octylammonium chloride (OAMCl). 
We knew that OAMCl established hydrogen bonds, CH··O and cation-dipole 
interactions with the two P=O groups of the bisphosphonate 1ii diastereoisomers. 
In this sense the OAMCl@1ii complex is the more thermodynamically stable 
complex formed by the bis-phosphonate receptor series 1. These favorable 
interactions are responsible for the exclusive close-contact arrangement of the ion-
pair in the OAMCl@1ii complex. We performed 1H and 31P NMR titration 
experiments by sequential addition of two doses of 0.5 equivalent of OAMCl to 
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individual 1 mM DCM-d2 solutions of stereoisomers 2oooo and 2oooi. In both 
cases, the complexation process showed slow exchange on the 1H NMR timescale 
and the addition of 1 equivalent of the salt induced the exclusive observation of 
proton signals corresponding to the bound host. This latter observation indicated 
that the binding constant values for the 1:1 complexes OAMCl@2 are higher than 
104 M-1. A pairwise competitive experiments of the two stereoisomers with OAMCl 
evidenced that the 2oooi stereoisomer was a slightly better receptor for the 
primary ammonium chloride salts than the 2oooo stereoisomer (Figure 3.13). 
Integration of selected proton signals allowed us to calculated the following 
relationship: Ka,exp (OAMCl@2oooi) > 2 Ka,exp (OAMCl@2oooo). 
 
Figure 3.13. Selected regions of the 1H and 31P NMR spectra of DCM-d2 solutions of: a) 
OAMCl@2oooi; b) equimolar mixture of OAMCl + 2oooi + 2oooo; and c) OAMCl @2oooo. 
The 1H NMR spectrum of the OAMCl@2oooi complex indicated that the signal of 
the methylene protons in α position with respect to the nitrogen atom of the OAMCl 
shifted upfield to  = 2.55 ppm (Δδ = - 0.45 ppm). In the case of the 2oooo receptor 
the same methylene signal resonates at  = 0.79 pppm (Δδ = - 2.2 ppm). Taken in 
concert, these observations strongly support the existence in solution of a 
significant increase in the binding geometry having a close-contact ion-pair 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 







arrangement for the complex formed by tetra-phosphonate calix[4]pyrroles 2oooi 
with OAMCl compared to the OAMCl@2oooo complex. Moreover, the difference in 
the magnitudes of the association constants we determined for the OAMCl@2oooi 
and OAMCl@2oooo is comparable with the bis-phosphonate calix[4]pyrroles. The 
association constant value for the OAMCl@1io complex was two-fold higher than 
OAMCl@1oo. A pairwise competitive experiment performed  using a ~ 1 mM 
solution of the 2oooi and 1io receptors containing 1 equivalent of OAMCl 
demonstrated the superior binding properties of the 2oooi receptor,  
Ka,exp(OAMCl@2oooi) > 10 Ka,exp (OAMCl@1io). This is not a surprising result if one 
simply considers the conformational advantages installed in the tetra-phosphonate 
receptors compared to the bis-phosphonate cavitands. Finally, we performed a 
pairwise competitive experiment in an equimolar mixture of the tetra phosphonate 
calix[4]pyrrole 2oooi, the bis phosphonate calix[4]pyrrole 1ii and OAMCl. We 
calculated the following relationship for the stability constants Ka,exp (OAMCl@1ii) > 
2 Ka,exp (OAMCl@2oooi). This result indicates that the conformational rigidity 
(preorganization) of the receptor is not the only factor that is important for the 
increase in the binding affinity of the OAMCl with phosphonate calix[4]pyrroles. 
Clearly, the existence of ditopic electrostatic interactions between the primary 
alkylammmonium cation and two phosphonate inwardly directed groups 
outperforms the conformational advantage (Figure 3.14). 
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Figure 3.14. Selected regions of the 1H and 31P NMR spectra of DCM solutions of: a) OAMCl@1ii; b) 
equimolar mixture of OAMCl + 1ii + 2oooi; and c) OAMCl @2oooi. 
3.2.4 Studies of tetra-phosphonate calix[4]pyrroles as salt solubilizers and 
membrane transporters 
The ion-pair recognition process occurring between tetra phosphonate 
calix[4]pyrroles 2 and quaternary ammonium salts was further investigated with 
acetylcholine chloride (AcChCl), a biological active molecule involved in processes 
of transport of neuronal information15,16 and memory17. Several examples of 
macrocycles are already reported in literature for the recognition in solution of 
this guest18 like cyclophane hosts19,20, calixarenes21 and resorcarenes22,23,24,25. 
Direct binding experiments between the 2 serie with AcChCl showed dynamics, 
thermodynamics and geometries for AcChCl@2 similar to TMPCl@2 complexes. 1H 
and 31P NMR experiments show association constants > 104 M-1. The AcCh cation, 
although has different size respect to TMP cation, is easily accommodated in the 
calix[4]pyrroles cavity. We were interested in evaluating the ability of tetra 
phosphonate calix[4]pyrroles 2 in the extraction of acetylcholine chloride from 
aqueous solution and in the transport through membranes. We chose the 
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stereoisomer 2oooi since it was the one available in higher amount at the moment 
of the experiments.  
We already discussed in the General Introduction of Chapter 1 that ion pairing is 
strongly dependent on the polarity of the solvent. Thus, the general equation for 
the transfer of ion pairs between immiscible solvents involves the equilibrium: 
 
where C+aq and A-aq represent the individual cation and anion in the aqueous phase 
and  C+A-org the cation and anion involved in the formation of the ion pair complex, 
in the organic phase. Subsequently, the extraction of acetylcholine chloride 
(AcCh+Cl-) into an organic phase mediated by a salt receptor (2oooi in our case) 
occurs through a two-step process. The first equilibrium, KexIP, involves 
partitioning of the salt into the organic phase and the second equilibrium, Ka, 
concerns association of the partitioned salt with the receptor. These steps occur 
simultaneously and involve the Cl anion binding through the pyrrolic NHs of the 
receptor and the AcCh cation accommodation in the electron rich cup of the 
calix[4]pyrrole26. 
 
Figure 3.15. Two-process step for the extraction of AcChCl using a salt receptor. 
The ability displayed by  ion-pairs receptors 2 to increase the apparent solubility of 
salts in organic solvents (as shown for the cases of TMPCl and AcChCl) is based on 
these equilbria and bodes well for their application in the development of salt 
solubilization agents.27 We also wanted to evaluate the ability of 2oooi as ion-pair 
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carrier (AcChCl) in transport experiments between two aqueous solutions 
separated by a dichloromethane layer acting as a simple model of a lipohilic liquid 
membrane.28,29 The U-tube-type Pressman cell with a “dichloromethane” 
membrane was used to study the transport of AcChl chloride and is represented in 
Figure 3.16. It consists of a U-tube with an “α” or “source phase” consisting of 10 mL 
of a 5.78 mM water solution of AcChCl. And a “β” or “receiving phase”, containing 10 
mL of MilliQ water. The organic transport layer consisted on a dichloromethane 
solution, placed between the two aqueous phases, 10-fold more diluted (0.5 mM) 
than the source phase and exclusively containing receptor 2oooi. The U-tube-type 
cell was equipped with a magnetic stirrer to ensure constant stirring of the 
membrane phase. We followed the transport of AcChl chloride between the two 
arms (limbs) of the cell using conductimetry measurements. The choice of this 
technique was dictated by the advantages provided by conductivity measurements 
in the quantification of the concentration of ion-pairs in solution compared to other 
techniques like UV-vis or HPLC. Conductimeters are quite inexpensive and 
commercial available. The new generation of advanced instruments ensures high 
accuracy in the conductivity measurements. Moreover, conductimetry can be 
applied for the determination of concentrations of all electrolytes in almost any 
solvent and over wide ranges of temperature and pressure. The sensibility of the 
new conductimeters allows measurements to be performed at relatively low 
concentrations of the electrolytes (around 10-4 M).  
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Figure 3.16. U-tube-type cell used for the study of transport experiments of a 5.5 mM aqueous 
solution of acetylcholine chloride  through a 0.5 mM dichloromethane solution  of 2oooi. 
The transport experiment consisted in monitoring the change in the conductimetry 
values at both arms of the U-tube type cell during 24 hours. Preliminary 
conductometric measurements performed as blank with the α and β arms 
containing only MilliQ water and no receptor in the organic phase, afforded 
conductivity values (Λ) < 1 Siemens. The measured conductivity of 5.5 mM aqueous 
solution of AcChCl resulted of 352 Siemens.  
In the initial phases of the transport experiment, the AcChCl molecules diffuse 
quickly from the donating phase solution to the organic layer resulting in a decrease 
of conductivity from 352 Siemens to 112 Siemens. We observed an analogous drop 
of conductance value for the source phase in the control experiment performed in 
the absence of added receptor in the organic phase. We must conclude that the 
liquid/liquid partitioning process must play the most important role in the 
extraction process between the source and membrane layer for both the reference 
and the receptor mediated systems.  
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Figure 3.17. Conductance measurements of acetylcholine chloride aqueous solution at the α arm 
(source aqueous solution) of the U-tube-type cell.  
In the receiving phase the transport of guest in absence of host seems to be slighty 
slower than in the presence of host, although in both cases similar amounts of 
acetylcholine chloride are extracted at the end of the transport experiment. This 
result might suggest that the receptor has a moderate effect on the rate of guest 
transport through the membrane. Linear plots of conductance variation versus 
time for the receiving β phase at the beginning of the experiment both in the 
absence and in presence of the receptor indicated that the transport processes 
reaches equilibrium after two hours. Probably, the concentrations we selected for 
the source and the membrane phases were too low to measure any relevant 
difference or even significant values for transport and extraction in the experiments 
we performed. 
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Figure 3.18. Conductance measurements of acetylcholine chloride aqueous solution at the β arm 
(receiving aqueous solution) of the U-tube. 
We must conclude that, at the concentration at which we worked, tetra-
phosphonate calix[4]pyrroles did not result excellent membrane carriers. 
Moreover, the strong binding between 2oooi and the acetylcholine chloride does 
not favor the release of the guest into the receiving phase. 
3.2.5 Solvent effect : binding studies in acetonitrile 
The experiments performed in dichloromethane allowed us to study the tetra-
phosphonate receptors 2 as ion-pair receptors. In polar solvents, such as 
acetonitrile (ACN), it is possible to analyze the binding and selectivity of the 
receptors 2 towards chloride without having to worry about the effect of the cation. 
Binding studies perfomed in ACN allowed us to compare the binding strength of a 
tetra-phosphonate cavitand 2 versus a bis-phosphonate cavitand 1. We chose to 
compite the 2oooo and 1oo stereoisomers, because they were the best receptors 
in dichloromethane solution among their series of stereoisomers. The solubility of 
receptor 2oooo in ACN at 298 K is 0.1 mg/mL ( 0.1 mM). While 2oooi is not 
soluble enough to be detected by 1H NMR spectroscopy. The 1H NMR spectrum of 
receptor 2oooo in ACN solution suggested that this stereoisomer adopts the cone 
conformation and includes one solvent yielding the ACN@2oooo complex. The 
inclusion of one molecule of ACN in the aromatic cavity of 2oooo was also observed 
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in its solid state structure. The addition of less than 1 equivalent of TMPCl produced 
a slow chemical exchange on NMR timescale between the free and bound receptor. 
From the integral values of selected signals for the protons in the free and bound 
receptors we calculated the binding constant value as Ka,exp (Cl@2oooo) = 1.4±2 × 
104 M-1. As expected, the magnitude of the binding constant is significantly reduced 
compared to the value we estimated/determined in DCM solution. The TMP cation 
is not significantly involved in the formation of the complex, as can be inferred from 
the slight upfield shift experienced by the protons of the TMP cation (δ = 1.79 ppm; 
Δδ = - 0.06 ppm). However, it is important to note that the association constant 
value for TMPCl@2oooo complex (1.4±2 × 104 M-1) is two-fold larger than the one 
calculated the bis-phosphonate cavitand 1oo in the same solvent (7±2 x 103 M-1). A 
pairwise competitive experiment between 2oooo and 1oo with TMPCl was 
performed to corroborate the ratio of the stability constants. The integration values 
of signals for the protons in free and bound 2oooo and 1oo after the addition of ~ 1 
equivalent of TMPCl were used to calculated a value of Ka,exp(TMPCl@2oooo)/ 
Ka,exp(TMPCl@1oo) ~ 6.0, which is in line with the result derived from direct 
titration experiment of each stereoisomer with TMPCl (Figure 3.19). 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 








Figure 3.19. Selected regions of the 1H NMR spectrum of: a) TMPCl + 4oooo; b) TMPCl + 2oooo + 
1oo; and c) TMPCl + 1oo in acetonitrile-d3. 
3. 3 Conclusions 
 
A series of two tetra-phosphonate cavitands based on calix[4]pyrrole scaffold have 
been synthesized. The two diastereoisomers form 1:1 complexes with 
alkylammonium/ammonium chloride salts with association constants larger than 
104 M-1. In the case of TMPCl as guest, the existence of one oxygen pointing inside 
the calix[4]pyrrole cavity in the stereoisomer 2oooi reduces the strength of 
binding, probably due  to the existence of electrostatic repulsion between the 
inwardly oriented oxygen and the included chloride. These data confirm the fully 
outwardly oriented phosphonate stereoisomer 2oooo the best receptor for ion 
pairs between the tetra-phosphonate series. Subsequently, the geometry adopted 
by TMPCl@2 complexes is a separated arrangement in which the TMP cation is 
located in the electron rich cup of the calix[4]pyrrole. When OAMCl is used as 
guest, the OAM cation is preferentially locked in the upper rim of 2oooi in which it 
establishes hydrogen bonding interactions with the inwardly oriented 
phosphonate group. In this case, the OAMCl@2oooi complex adopts a close contact 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 







geometry. In polar solvents like acetonitrile the association constants are strongly 
reduced as consequence of the ion pair dissociation and removal of the cation 
effect on the overall binding. Competitive experiments performed between tetra-
phosphonate and bis-phosphonate calix[4]pyrroles toward 
alkylammonium/ammonium chloride salts reveal the former having association 
constants 100 fold (alkylammonium chloride salts) and 10 fold higher (ammonium 
chloride salts) than the latter.  
3. 4 Experimental Section 
 
General information and instrumentation 
All syntheses were carried out using chemicals as purchased from commercial 
sources unless otherwise noted. When required, dried and deoxygenated solvents 
supplied by a Solvent Purification System (SPS-200-6) were used. Thin-layer 
chromatography (TLC) and flash column chromatography were performed with 
DC-Alufolien Kieselgel 60 F254 (Merck) and silica gel 60A for chromatography 
(SDS) respectively. 1H and 31P NMR spectra were recorded on a Bruker Avance 400 
(400.1 MHz for 1H NMR) and Bruker Avance 500 (500.1 MHz for 1H NMR) 
ultrashield spectrometer; Mass Spectrometry experiments on a LCT Premier, 
Waters-Micromass ESI or Autoflex, Bruker Daltonics MALDI. FT-IR measurements 
were carried out on a Bruker Optics FTIR Alpha spectrometer equipped with a 
DTGS detector, KBr beam splitter at 4 cm-1 resolution. Isothermal titration 




To a solution of calix[4]pyrrole 3 (500 mg, 0.352mmol) in dry THF (10 mL) and 
freshly distilled triethylamine (0.980 mL, 7.03 mmol), phenylphosphonic 
dichloride (0.247 mL, 1.758 mmol) was added dropwise under argon atmosphere. 
The reaction mixture was stirred for 2 hrs at room temperature. The solvent was 
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removed in vacuo and water (50 mL) was added. The grey precipitate was filtered 
off and purified by Combiflash (SiO2; CH2Cl2) in order to remove the 
oligomers/polymers formed during the reaction with 39% overall yield. The 
fraction containing the two diastereomers was purified by semipreparative HPLC 
(Spherisorb silica 250 × 20 mm, 5 μm; SiO2; CH2Cl2 : Hexane 60:40; flow rate: 15 
mL/min) to yield each separated isomer 2oooo and 2oooi as a white solid (Figure 
3. 20, retention times: 4.3 minutes and 5.3 minutes, respectively). The isomers can 
be further purified by crystallization from acetonitrile.  
 
Figure 3. 20 Normal phase - HPLC chromatogram of tetra-phosphonates reaction crude using a 
mixture of DCM : Hexane 60 : 40 as eluent. 
Experimental data 2oooo (white solid, 3%). 1H-NMR (400 MHz, CDCl3, 25°C): δ 
(ppm) = 7.94 (m, 3JH-P ~ 14 Hz, 3JH-H ~ 7.3 Hz,  4JH-H ~ 1.2 Hz, 8H), 7.65 (m, 3JH-H ~ 7.3 
Hz, 4JH-H ≈ 5JH-P  ~ 1.2 Hz, 4H), 7.53 (m, 3JH-H ~ 7.3 Hz, 4JH-P  ~ 4.8 Hz, 8H), 7.53 (bs, 
4H), 7.37 (d, 4JH-H ~ 1.75 Hz, 8H), 6.56 (t, 4JH-H ~ 1.75 Hz, 4H), 6.17 (d, 4JH-H ~ 2.27 
Hz, 8H), 2.45 (m, 8H), 1.27 (m, 80H), 0.88 (t, 3JH-H ~ 7.0 Hz, 12H). 31P-NMR (400 
MHz, CDCl3, 25°C): δ = (ppm) 13.63. HR-MALDI-MS: m/z calculated for 
C116H144N4O12P4 1908.9731, found 1908.9699; FT-IR ν (cm-1) 2921-2851 (P-CHAr 
streaching, 1592 (P-Ar aromatic ring in-plane stretching), 1426 (P-Ar aromatic 
ring in-plane stretching), 1293 (PO stretching); elemental analysis calculated for 
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C116H144N4O12P4 + C7H12Cl2N2 (2 x CH3CN) + CH2Cl2 (%):  C, 70.17; H, 7.47; N, 3.99; 
found: C, 69.68; H, 7.99; N, 4.25. 
Experimental data 2oooi (white solid, 9%). 1H-NMR (400 MHz, CDCl3, 25°C): δ 
(ppm) = 7.97 (m, 3JH-P ~ 14 Hz, 3JH-H ~ 7.3 Hz,  4JH-H ~ 1.2 Hz, 8H), 7.79 (t, 4JH-H ~ 2.3 
Hz, 1H), 7.76 (t, 4JH-H ~ 3.0 Hz, 2H), 7.72 (t, 4JH-H ~ 2.3 Hz, 1H), 7.66 (m, 3JH-H ~ 7.3 
Hz, 4JH-H ≈ 5JH-P  ~ 1.2 Hz, 4H), 7.55 (m, 3JH-H ~ 7.3 Hz, 4JH-P  ~ 4.8 Hz, 8H), 7.46 (t, 4JH-H 
~ 2.0 Hz, 2H), 7.46 (t, 4JH-H ~ 2.0 Hz, 2H), 7.46 (t, 4JH-H ~ 2.0 Hz, 2H), 6.81 (t, 4JH-H ~ 
2.0 Hz, 2H), 6.77 (t, 4JH-H ~ 3.3 Hz, 2H), 6.55 (t, 4JH-H ~ 3.3 Hz, 2H), 6.18 (d, 4JH-H ~ 2.3 
Hz, 2H), 6.15 (t, 4JH-H ~ 3.0 Hz, 2H), 6.12 (t, 4JH-H ~ 3.0 Hz, 2H), 6.08 (d, 4JH-H ~ 2.3 Hz, 
2H), 2.45 (m, 8H), 1.27 (m, 80H), 0.89 (t, 3JH-H ~ 7.0 Hz, 12H); 31P-NMR (400 MHz, 
CDCl3, 25°C): δ (ppm) = 14.37 (P(O)in), 12.96 (P(O)out); HR-MALDI-MS: m/z 
calculated for C116H144N4O12P4 1908.9731, found 1908.9866; FT-IR ν (cm-1) 2921-
2850 (P-CHAr stretching), 1593(P-Ar aromatic ring in-plane stretching), 1430 (P-Ar 
aromatic ring in-plane stretching), 1294 (PO stretching); elemental analysis 
calculated for C116H144N4O12P4 + C4H6N2 (2 x CH3CN) (%):  C, 72.34; H, 7.59; N, 4.22; 
found: C, 71.65; H, 7.34; N, 3.54. 
Binding studies 
The ESI-MS experiments were carried out using an Electrospray Ionization source 
combined with a Time-of-Flight mass analyzer (ESI-TOF), operating in negative or 
positive mode. The samples were continuously sprayed using nitrogen as drying 
gas (desolvation at 510 L/hr). The injection rate was maintained constant at 
20μL/min. The voltage applied at the ESI needle was increased from 0V to 500V, 
while a voltage of 0V was applied to the cone. The source and desolvation 
temperatures were set to 120 C and 200 C, respectively.  
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Synthesis of Triazolophane-based Receptors for 
Linear Bifluoride IonsI   
 
 
                                                        
I
 The work presented in this chapter has been carried out in the laboratory of Prof. Amar Flood, in 
Indiana University (USA), under the supervision of K. P. McDonald. 
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4. 1 Introduction 
 
In Chapters 2 and 3 we have presented the design, synthesis and binding studies of 
calix[4]pyrrole-based ion pairs receptors in order to bind chloride anions. The 
binding process occurs through the formation of H-bonds between the chloride 
and the four polarized NH pyrrolic donors. We report here the design and 
synthesis of a new triazolophane-based receptor and the preliminary binding 
studies toward monoanionic pseudohalides such as the bifluoride ion HF2ˉ.  
Triazolophanes represent a new class of macrocycles in which the binding of 
anions like chloride occurs by triazole and phenyl-derived CH hydrogen bond 
donors.1,2,3,4,5,6,7,8 These receptors show extraordinary binding constants, of the 
order > 106 M-1, and the binding affinities for chloride result two orders of 
magnitude higher than the parent Sessler’s calix[4]pyrrole, even though the 
process of complexation occurs by using weak CH hydrogen bonds. Recently, A. 
Flood’s group9 has highlighted that both electrostatic and structural features of the 
triazolophane-based receptors are responsible for the high binding strength, 
selectivity and guest regulation. In particular, they showed that triazolophanes 
bind chloride tightly because the triazole’s CH donors are sufficiently polarized for 
hydrogen bonding and the receptors do not require a pre-reorganization to 
achieve the chloride binding.10,11,12 On the contrary, an energetic penalty of ~ one-
third of the entire Cl- stabilization energy is required by calix[4]pyrroles to 
reorganize the macrocycle from 1,3-alternate to cone conformation and to 
establish H-bonds with the anion, as described in the previous chapters. 
The work presented here consisted in the synthesis of a new triazolophane-
derivative (Figure 4. 1) for the binding of the monoanionic pseudohalide (HF2-) 
anion using 1H and 19F-NMR spectroscopy. In particular, the idea was to combine 
the strongest hydrogen-bond (FH···F) with one of the weakest hydrogen bond 
interactions that are provided by the CHs of a triazole unit. The structure of the 
macrocycle is defined by three different types of C-H hydrogen-bond donors: four 
equivalent strong donors from the triazoles (HT) and two pairs of weaker 
phenylene C-H donors, coming from the N-linked phenylenes (HN, north-south) 
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and from the C-linked phenylenes (HC, east-west). Moreover, the receptor presents 
a dicyclohexylamido moiety on the two N-linked phenylenes (north and south 
direction) which polarize the triazole C-H hydrogen donors and increase the 
solubility of the macromolecule in organic solvents. Tert-butyl groups on the C-
linked phenylenes (east and west direction) minimize the π-π stacking between 
the receptor molecules. 
a)           b)  
Figure 4. 1 Structure of the desired triazolophane (a, on the left) and the corresponding minimized 
structure obtained by Spartan software (b, on the right). 
The inclusion of the "bifluoride" anion in the triazolophane skeleton has been 
previously modeled and calculated inside the parent triazolophane, as shown in 
Figure 4. 2. 
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Figure 4. 2 Structure of the parent triazolophane receptor (left) and minimized geometry of the 
"bifluoride" anion inside the parent triazolophane (right). 
Inclusion of pseudohalides, in particular cyanide, within a rigid macrocyclic 
triazolophane receptor by using strong C-H hydrogen bonds has already been 
reported in Flood’s group and it has been corroborated both by theory and 
experimental data.13 In the same way, examples of encapsulation of bifluoride are 
reported for tricyclic hosts in the literature.14,15,16,17 The choice of developing 
synthetic receptors for HF2- recognition was dictated not only by our interest in 
binding linear guests but also by the interesting properties that fluoride 
compounds currently exhibit.18 Moreover, it is known that bifluoride HF2- anion 
results more stable than fluoride F- in organic solvents.19 In apolar media and in 
the presence of water the following equilibrium takes place and results to be time 
dependent: 
 
The water can be contained in the solvent or in the tetrabutylammonium fluoride 
(TBAF) itself, being the salt commercially available as trihydrate (it is not easy to 
produce dry TBAF20 because of its decomposition by Hoffmann elimination, 
occurring even at room temperature21). It has been observed that the proportion 
of HF2- increases drastically with dilution of fluoride solutions and usually fluoride 
exists mainly in the bihalide form in 0.5 mM solution.19 Subsequently, the HF2- 
results highly stable in solution, even over time. 
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4. 2 Results and Discussion 
 
4.2. 1 Synthesis 
The synthesis of the desired triazolophane-derivative 10 has been achieved by 
preparing the two main building blocks 4 and 8, as reported in Scheme 4. 1. The 
N,N-dicyclohexyl-3,5-diazido-1-phenylamide 4 has been prepared from 3,5-
diamino-1-phenyl carboxylic acid 1 by the formation of an azonium salt, giving the 
3,5-diazide-1-phenyl carboxylic acid 2. The synthesis of 2 resulted more successful 
with a H2SO4(aq):Acetonitrile mixture than using CH3COOH11 for the in situ 
preparation of the nitrous acid. The chloride derivative 3 of 3,5-diazide-1-phenyl 
carboxylic acid 2 was directly reacted with the corresponding dicyclohexylamine 
in presence of triethylamine to give 4. The 3,5-diethynyl-1-tert-butyl-benzene 8 
building block was prepared from the 4-tert-butyl-aniline 5. The corresponding 
2,6-diiodo-4-tert-butyl-aniline 6 was reacted with NaNO2/H2SO4 in boiling EtOH to 
give the corresponding 3,5-diiodo-1-tert-butyl-benzene 7 in 50% yield. The same 
reaction was carried out at room temperature and atmospheric pressure, using 
H2O2 as source of nitrous acid and H2SO4 as hydrogen donor.22 The reaction 
resulted faster and easy in handling. The tert-butyl-diethynyl benzene 8 was 
obtained through Sonogashira reaction followed by TMS deprotection. The two 
components 4 and 8 were reacted together in a 1:10 ratio by click chemistry 
generating the precursor 9 as diethynyl derivative in which only five rings of the 
eight required for the desired macrocycle are present.23 The final macrocyclization 
reaction was carried out under pseudo-high dilution conditions reacting the pre-
macrocycle 9 with N,N-dicyclohexyl-3,5-diazido-1-phenylamide 4 in 1:1 ratio. The 
desired macrocycle was isolated with low yield (3%) exploring different 
chromatographic conditions and characterized by 1H-NMR and ESI-MS. 
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Scheme 4. 1 Triazolophane 10 synthesis. Azide building block synthesis: a) 1M glacial acetic acid, t-
butyl nitrite, 0°C, 1 h; sodium azide, 0°C, 5 hrs; b) H2SO4 (aq) : ACN, t-butyl nitrite, 0°C, 30’; sodium 
azide, 0°C, 2 hrs; c) SOCl2, DMF, THF, 50°C, 2hrs; d) dicyclohexylamine, CHCl3, TEA, r.t., 24hrs. 
Acetylene building block synthesis: e) iodine, silver sulphate, EtOH, r.t., 1h; f) H2SO4, sodium nitrite, 
EtOH, reflux, 24hrs; g) H2O2, H2SO4, THF, r.t., 2hrs; h) TMS, CuI, Pd(PPh3)2Cl2, i-Pr2NH, 1hr and 
K2CO3/MeOH, THF, 2hrs; i) CuI/DBU, toluene, 1hr, 60°C; l) CuI/DBU, toluene, 1hr, 70°C overnight. 
The yield related to the last synthetic step, from which we isolated the desired 
macrocycle 10, was low due to the difficulties encountered in the purification of 
the receptor.  The 1H-NMR spectrum of triazolophane 10 showed broad signals 
when isolated by chromatography. However, addition of an excess of 
tetrabutylammonium chloride (TBACl) salt to the host solution gave sharp signals 
for the formation of the TBACl@10 complex species. The excess of salt was 
removed by washing the sample with water, even though traces of 
tetrabutylammonium cation were still present in the 1H-NMR spectrum. The 
downfield region of the 1H-NMR spectrum of 10 presents four sets of aromatic 
protons, in which the peak for the triazole CHs (HT) resonates at δ = 9.5 ppm and 
the protons of the inner phenylene CHs (HN and HC) at δ = 8.1 ppm. Finally, we 
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attribute the two peaks at δ = 7.9 ppm and δ = 7.8 ppm to the outwardly oriented 
protons Ha and Hb of the phenyl rings forming the macrocycle. 
 
Figure 4. 3 Expansion of the downfield region of the 1H-NMR spectrum of triazolophane 10 in 
dichloromethane-d2 solution. 
Unluckily, due to the presence of TBA+ as impurity in the receptor solution, the 
binding studies monitored by 1H and 19F-NMR between the receptor 10 and 
tetrabutylammonium bifluoride24 (TBAHF2) have been used only for a qualitative 
interpretation of the data collected from the experiments. 
4.2. 2 Binding Studies 
In order to understand the dynamics of the binding process of triazolophane 10 
and tetrabutylammonium bifluoride (TBAHF2), we considered all the possible 
equilibria occurring in solution. The solution-phase binding model includes the 
formation of 1:1 and 2:1 complexes, due to the strong π-π stacking interaction 
between the aromatic rings of the host molecules, and an ion pairing process that 
involves the HF2- anion and the TBA+ counter-ion.  
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The 1H-NMR titration of a 0.5 mM solution of triazolophane 10 with TBAHF2 
confirmed the established binding model (Figure 4. 4). The receptor shows a slow 
chemical exchange at NMR timescale. Upon addition of 0.2 equivalents of guest, a 
new set of triazole CH protons HT appears downfield at δ = 10.4 ppm in addition to 
the ones of the free macrocycle at δ = 9.5 ppm (Δδ = 0.9 ppm), corresponding to 
the formation of the 2:1 complex TBAHF2@102. An evident shift is also detected for 
the inner protons HN and HC up to δ = 8.8 ppm (Δδ = 0.7 ppm) as consequence of 
the bifluoride complexation. The evident shifts shown by the inner protons HT, HN 
and HC indicate that the bifluoride is hydrogen bonded inside the cavity of the 
triazolophane 10. On the contrary, the outwardly oriented aromatic protons Ha 
and Hb at δ = 7.9 ppm and at δ = 7.8 ppm move slightly downfield to δ = 8.25 and 
8.23 ppm, respectively. After addition of 0.8 equivalents of TBAHF2 to the 
triazolophane solution, new peaks appear as consequence of the 1:1 complex 
TBAHF2@10 formation. The triazole CH signal at δ = 10.4 ppm splits in an 
additional peak at δ = 10.3 ppm due to the co-existence of the 2:1 and 1:1 
complexes in solution. The peaks of the protons HN and HC corresponding to the 
1:1 complex TBAHF2@10 resonate at δ = 8.9 ppm, Ha at δ = 8.28 ppm and Hb at δ = 
8.20 ppm. The ultimate saturation of the 1:1 complex was achieved after addition 
of 20 equivalents of TBAHF2. These data confirm the importance of including both 
the 2:1 and 1:1 equilibria (equations 2 and 3) in the analysis of the binding process 
of triazolophane 10 with TBAHF2.  
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Figure 4. 4 1H-NMR spectra of the titration experiment of a 0.5 mM solution of the triazolophane 
10 upon addition of TBAHF2 in CD2Cl2 (from 0.2 to 50 equivalents). The signals of the spectra 
between 0.2 and 0.8 equivalent refer only to the protons of the 2:1 complex; between 1 and 5 
equivalents to the protons of both 2:1 and 1:1 complexes; after 5 equivalents only to the 1:1 
complex.  
The upfield shift of the α-methylene proton of the TBA+ cation from δ = 3.2 ppm 
(TBAHF2 free) to 3 ppm (TBAHF2@10) after addition of 0.2 equivalents of TBAHF2 
corroborates the presence of the ion-pair equilibrium process (equation 4). Since 
the cation can compete with the triazolophane for binding the anion, it is 
important to consider also this equilibrium and isolate its influence from the 1:1 
binding process. The plot of the chemical shift δ of the TBA cation versus the 
equivalents of guest added shows that a saturation point is obtained for the 2:1 
complex after the addition of 5 equivalents of guest (Figure 4. 5). 
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Figure 4. 5 Partial 1H-NMR spectra and chemical shift plotting of the TBA cation upon addition of 
TBAHF2 to a 0.5 mM solution of the triazolophane 10 in CD2Cl2. 
Simulated speciation curve generated for the 1H-NMR titration of the 0.5 mM 
solution of the triazolophane 10 with TBAHF2 in CD2Cl2 by using HySS2009 
software25 shows clearly all the species and equilibria present in solution. The 
association constants used in the simulation were estimated to be of the order of 
105 M-1 for the 1:1 complex (K1:1, equation 2), of 108 M-1 for 2:1 complex (K2:1, 
equation 3) and around 104 M-1 for the TBAHF2 ion pairing constant (Kip, equation 
4). A UV-Vis dilution experiment was performed to determine the TBAHF2 ion 
pairing constant Kip in dichloromethane according to preliminary HySS simulation 
(solutions from 1 µM to 1 mM). However, the intensity of the absorbance resulted 
too low and it was not possible to fit the data to get an acceptable measurement of 
the association constant Kip for TBAHF2. For this reason, we used the ion pairing 
constant Kip value already reported for the TBACN13. The speciation curves of 
Figure 4. 6 shows that the free receptor 10 (red line) is consumed after addition of 
TBAHF2. The concentration of the 2:1 complex TBAHF2@102 decreases after 
addition of 5 equivalents of guest (blue line) and < 10% is still present at the end of 
the titration. In the same way, the concentration of the 1:1 complex TBAHF2@10 
(green line) increases as long as the guest is added to the host solution until a 
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saturation point is reached (~ 20 equivalents of TBAHF2 added, end of the 
titration). 
 
Figure 4. 6 Speciation curve generated using HySS software for the titration of [10] = 0.5 mM (red 
line) with TBAHF2, in which both 2:1 complex (blue line) and 1:1 complex (green line) curves are 
indicated. (MC = macrocycle). The concentration of HF2- is in M unit. 
An additional NMR titration was carried out at higher concentration (5 mM) of 
triazolophane 10 and the binding process with TBAHF2 was followed by 1H and 
19F-NMR. As expected, higher concentration of macrocycle increases the 
persistence of the 2:1 complex in solution and favors the formation of complexes 
with higher stoichiometry. The 19F-NMR experiment corroborates the 1H-NMR 
data (Figure 4. 7). The addition of 0.2 equivalents of guest generates a signal at δ = 
-117 ppm corresponding to the 2:1 complex TBAHF2@102. With 0.4 equivalents of 
TBAHF2 in solution it is also possible to distinguish the peak of the 1:1 complex 
TBAHF2@10 at δ = -124 ppm. Upon addition of 1.8 equivalents of guest two new 
signals appears at δ = -154 ppm and at δ = -128 ppm. We attribute these peaks to 
the TBAHF2 (δ = -154 ppm) and to the hydrated fluoride ion (δ = -128 ppm) as 
explained in the introduction of this chapter (equation 1).26,27,28 
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Figure 4. 7 19F-NMR titration experiment of a 5 mM solution of triazolophane 10 upon addition of 
TBAHF2 in CD2Cl2.  
4. 3 Conclusions 
 
We have presented the design and synthesis of a new triazolophane-based anion 
pair receptor for the binding of linear guest like the bifluoride ion HF2ˉ. The purity 
of the macrocycle 10 limited the interpretation of the data on a qualitative level. 1H 
and 19F NMR experiments show the possibility of including the bifluoride ion HF2ˉ 
inside the cavity of 10 by establishing hydrogen bonds with the inner CH protons 
of the receptor and corroborate the modeling studies carried out on the parent 
triazolophane. Speciation curves generated by using HySS software suggest that 
the association constant for the binding of TBAHF2 by 10 to form the 1:1 complex 
TBAHF2@10 is > 105 M-1.  
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4. 4 Experimental Section 
 
General information and instrumentation 
All syntheses were carried out using chemicals as purchased from commercial 
sources unless otherwise noted. 1H NMR spectra were recorded on a Varian (400 
and 500 MHz for 1H NMR) ultrashield spectrometer. 
Synthesis 
Azide building block synthesis. 3,5-diazide benzoic acid (2-a in Scheme 4. 1). To 
an ice-cooled, vented solution of 3,5-diaminobenzoic acid (5.0 g, 32.8 mmol) in 1M 
glacial acetic acid (200 mL) t-butyl nitrite (17g, 170 mmol) is carefully syringed 
dropwise and stirred at 0°C for 1 hour. The solution assumes a dark densy aspect. 
A solution of sodium azide (16 g, 246 mmol) in distilled H2O (75 mL) is added 
dropwise to the reaction and stirred for 5 hours at 0°C. The reaction is poured into 
ice-water and extracted with ethyl-acetate (4 x 200 mL). The organic layer is 
washed extensively with 0.5 M HCl (3 x 200 mL), saturated NH4Cl (2 x 100 mL) and 
brine (2 x 100 mL). The combined organic fractions are dried with MgSO4 and 
concentrated under vacuum. The crude product (about 3 g)  is purified by column 
chromatography (2:1 AcOEt:Hexane). Two fractions were collected and checked by 
1H-NMR. Both presented the desired product and additional byproducts. Further 
purification using a 1:1 mixture of EthylAcetate:Hexane gave the desired product 
in low yields (3%). 3,5-diazide benzoic acid (2-b in Scheme 4. 1). To an ice-
cooled, vented solution of 3,5-diaminobenzoic acid (5.0 g, 32.8 mmol) in H2SO4 
(aq) : ACN (200 mL of total solution: 28 ml of acid with 112 mL of water and 60 mL 
of acetonitrile) is carefully syringed sodium nitrite (previously dissolved in 50 mL 
of water) dropwise and stirred at 0°C for 30 minutes. The solution assumes a dark 
densy aspect. A solution of sodium azide (16 g, 246 mmol) in distilled H2O (50 mL) 
was added dropwise to the reaction and stirred for 2 hours at 0°C. The addition of 
azide produced bubbling into solution with a change in colour. The crude was 
extracted with AcOEt, washed with brine and the organic solvent evaporated. By 
1H-NMR the product appeared clean and the yield quantitave. 3,5-diazido-N,N-
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dicyclohexylbenzamide (4 in Scheme 4. 1). Carboxilic acid 2 (0.5 g, 2.5 mmol) 
was dissolved in dry THF (15 mL), cooled to 0°C and 3-4 drops of DMF were added. 
SOCl2 (0.5 mL) was added and the solution was warmed at 50°C for 2hrs. The 
solvent was removed under vacuum and the crude dissolved in chloroform (10 
mL). Dicyclohexyl amine was dissolved (2 mL, 2.21 g) in chloroform (15mL) and 
added to previous solution. Triethylamine (2mL) was then added and the resulting 
solution was stirred for 24 hrs at r.t. The day after, the solution was diluted with 
CHCl3, washed with Na2CO3(aq), dried over MgSO4 and concentrated. The crude 
was purified by chromatography (Hexane:AcOEt from 100:0 to 90:10). Acetylene 
building block synthesis. 2,6-diiodo-4-tert-butyl aniline (6 in Scheme 4. 1). 4-
(tert-butyl)aniline (3 g, 20.1 mmol) was dissolved in ethanol (100 mL) and iodine 
(10 g, 40.2 mmol) and silver sulphate (13 g, 40.2 mmol) were added. The mixture 
was stirred vigorously for 1 h at room temperature. Insoluble salts were removed 
by filtration. After concentration, the residue was taken up in DCM (100 mL). The 
solution was sequentially washed with 5% NaOH aqueous solution (100 mL x 2) 
and water (100 mL x 2), dried over anhydrous MgSO4 and the solvent removed 
under vacuum. The residue was purified by column chromatography (silica gel, 
DCM:hexane 1:3) to give an oily liquid. 
2,6-diiodo-4-tert-butyl benzene (7-a in Scheme 4. 1). The starting aniline (0.5 g, 
1.25 mmol) were dissolved in EtOH (7 mL) and H2SO4 (0.140 mL) was added 
dropwise at 0°C. NaNO2 (0.170 g, 2.5 mmol) were added quickly to the solution at 
r.t. The solution was refluxed for 1 day. EtOH was evaporated and neutralized with 
NaOH 2N. The water solution was extracted with chloroform and the organic phase 
was washed with water and dried over MgSO4. The crude was purified by 
chromatography (Hexane:AcOEt 100:0 to 99:1). 2,6-diiodo-4-tert-butyl benzene 
(7-b in Scheme 4. 1). The starting aniline (0.2 g, 0.5 mmol) was dissolved in THF 
(10 mL) and H2SO4 (0.532 mL) was added dropwise at 0°C. NaNO2 (0.103 g, 1.5 
mmol) and H2O2 (0.015 mL) were added quickly to the solution at r.t. The solution 
was left reacting at r.t. for 2 hours. The solvent was removed under vacuum and 
the crude was washed with water, extracted with chloroform and dried over 
MgSO4. 1,3-diacetylene-5-tert-butyl benzene (8 in Scheme 4. 1). 3,5-diiodo-1-
tert-butylbenzene (0.7 g, 1.8 mmol) was dissolved in THF (20 mL) and the solution 
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degassed for 15 minutes. Bis-triphenylphosphine dichloropalladium (0.13 g, 0.18 
mmol) and CuI (0.035 g, 0.18 mmol) were added and the solution was purged 
under Ar for additional 10 minutes. TMS (0.5 g, 5.52 mmol) and i-Pr2NH (1.3 mL) 
were added and the solution stirred under Ar atmosphere. After 1hr, the 
suspension was filtered and the solvent removed. The dark oil obtained was 
dissolved in water, extracted in DCM and dried over MgSO4. The crude was then 
filtrated through a short silica gel column using hexane as eluant and used for the 
following reaction. The oil obtained from the previous reaction was dissolved in 
THF (30 mL) and a saturated solution of K2CO3 in MeOH (30 mL) was added. The 
solution was left reacting for 2 hrs. The solvent was evaporated and the crude was 
washed with water, extracted with DCM, dried over MgSO4 and purified by 
cromatography over silica using hexane as eluant.  
 
Figure 4. 8 Mechanism of the Sonogashira reaction. 
Precursor 9. 3,5-diazido-N,N-dicyclohexylbenzamide (0.2 g, 0.54 mmol) and 1-
(tert-butyl)-3,5-diethynylbenzene (0.9 g, 5.44 mmol) were dissolved in toluene 
(100 mL) previously purged with Ar for 10 minutes. The solution was purged for 
additional 10 minutes, then CuI (0.03 g, 0.16 mmol) and DBU (0.4 mL) were added 
and the solution was kept at 60° C for 1 hr. The product was purified by 
cromatography (DCM:MeOH from 100:0 to 98:2). Triazolophane 10. In a two-
necked flask the DBU (0.83 g, 5.5mmol) was dissolved in toluene (200 mL) and 
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purged for 30' under Ar. The solution was warmed to 70°C and CuI (0.02 g, 0.08 
mmol) was added. The 3,5-diazido-N,N-dicyclohexylbenzamide 4 (0.1g, 0.27 
mmol) and the diethylene precursor 9 (0.1 g, 0.27 mmol) were dissolved in toluene 
(50 mL), purged for 15 minutes with Ar and added to the DBU solution slowly 
overnight through an addition funnel. The reaction crude was evaporated and 
purified by chromatography (DCM:MeOH from 100:0 to 98:2). A further 
purification was performed using a mixture of DCM:Acetone (from 100:0 to 90:10) 
as eluent. 
 
Figure 4. 9 Mechanism of the click reaction proposed by Sharpless.23 
Binding Studies 
1H NMR binding experiment of 10 with TBAHF2 in DCM solution. The complexation 
behaviour of 10 toward TBAHF2 was studied by 1H and 19F NMR, at 298 K. The 
titration experiments were carried out by adding aliquots of a 40 mM solution of 
TBAHF2 in CD2Cl2 into the NMR tube containing a 0.5 mM solution of 10 in the 
same solvent. A second experiment was performed using a 5 mM solution of 10 in 
order to record 19F NMR spectra. 
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5. 1 Introduction  
 
It is widely known that aryl-extended calix[4]pyrroles are ideal receptors for the 
binding of anionic guests (Chapter 2 and 3). On the contrary, few examples are 
reported in literature regarding their ability in the recognition and inclusion of 
neutral molecules with electron rich groups capable of acting as hydrogen-bond 
acceptors. N-oxides,1,2,3,4  are known for their numerous applications in synthetic 
organic chemistry5,6 and for their biological activity7. They are also known to be 
very good hydrogen bonding acceptors.8,9,10 We present here an example of 
selective inclusion of the high energy conformer of N-methyl morpholine N-oxide 
(NMMO) in a calix[4]pyrrole substituted in the meso position by four aromatic 
rings. This N-oxide (Figure 5. 1) is commonly used at industrial scale as cellulose 
solvent in fiber making11 or at lab scale as co-catalyst in the oxidation of alcohols to 
carbonyl groups in presence of tetrapropylammonium perruthenate as catalyst.12 
The N-methyl morpholine N-oxide can be synthesized by oxidation of the starting 
N-methylmorpholine with hydrogen peroxide13 (30% aq), although the one we 
used in our experiments was purchased. NMMO can exist in two chair 
conformations, being the one with the oxygen atom in axial position energetically 
favored by 2 kcal/mol based on simple molecular mechanism calculations. A 
similar conclusion is reached when the cyclohexane A values for methyl (1.74) and 
hydroxyl (0.8) groups are taken in consideration.14 
 
Figure 5. 1 Minimized structure of the low energy conformer of N-methylmorpholine-N-oxide 
(NMMO). 
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5. 2 Results and Discussion 
 
N-methyl morpholine N-oxide (NMMO) 
In inclusion complexes, the exchange between complexed and free guest species is 
usually fast on the human time scale but slow on the 1H NMR time scale (< 10 sec-
1). The possibility of including reactive species in molecular containers produces a 
twofold effect (Chapter 1, General introduction). On the one hand, the inclusion 
process protects the reactive species from external reagents. On the other hand, it 
can also prevent its thermal decomposition. As mentioned above, NMMO is used as 
co-oxidant in the liquid-phase in the catalytic oxidation of alcohols to carbonyl 
groups by tetrapropylammonium perruthenate (TPAP). We describe here a 
supramolecular inclusion effect. We found that the included NMMO, aside of having 
adopted the high energy conformation, possesses chemical properties different 
from those in the bulk solution. Inside the cavitand NMMO is stable for longer time 
than in solution. Moreover, NMMO in combination with a catalytic amount of TPAP 
oxidizes primary and secondary alcohols to aldehydes and ketones, respectively. 
The reaction takes places at room temperature at millimolar concentration in high 
yields in a reduced amount of time that goes from minutes to hours depending on 
the substrate. In contrast, the oxidation reaction does not progress to a 
considerable extent when NMMO is inside the cavitand 1 and the TPAP outside. 
The inclusion of NMMO within the cavity of the aryl-extended calix[4]pyrrole 
represents a fascinating possibility of manipulating the properties (conformational 
preference and reactivity) of small molecules by confinement in small space.15 In 
order to understand the dynamics and thermodynamics of the inclusion process 
occurring between the high energy conformer of N-methyl morpholine N-oxide 
(NMMO) and the aryl-extended calix[4]pyrrole 1, we first fully characterized the 
1H NMR spectrum of NMMO in the bulk acetonitrile solution.  
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Figure 5. 2. Structure of the α,α,α,α-isomer of aryl-extended calix[4]pyrrole 1 
In solution, NMMO predominantely adopts the conformation in which the methyl 
group on the nitrogen atom is oriented in an equatorial position (Figure 5. 3 a).16 
This conformer is energetically favoured due to reduction in the steric strain 
caused by the 1,3-diaxial interactions between the methyl group and the axial 
protons Hβ’ax on the C1 and C5 carbons exhibited in the alternative chair 
conformer.17 The cychohexane A value (steric size) for the hydroxyl group is 
considerably smaller than for the methyl group providing clear preference for the 
equatorial orientation in the latter. 
 
Figure 5. 3. Conformational equilibrium between the two cyclohexane chairs of N-methyl 
morpholine N-oxide (NMMO). 
We performed the complete assignment of the proton signals observed in the 1H 
NMR spectrum of NMMO in acetonitrile solution (Figure 5. 4) by means of 2D 
experiments. The equatorial protons in α position with respect to the nitrogen 
atom in conformer a, Hαeq, resonate at δ = 2.85 ppm and appear as a multiplet 
(d,d,d) because of multiple scalar coupling with the geminal proton nucleus Hαax 
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(2Jgem = 11.5 Hz) and the adjacent proton nuclei Hβax (3Jcis = 2.3 Hz) and Hβeq (3Jtrans 
= 1.1 Hz). The signal at δ = 3.37 ppm corresponds to the Hαax and appears as 
multiplet (d,d,d) due to the coupling with the geminal Hαeq (2Jgem = 11.5 Hz), and 
the vicinal Hβax and Hβeq  protons (3Jtrans = 10.7 Hz and 3Jtrans = 3.3 Hz, respectively). 
Likewise, the Hβeq protons resonating at δ = 3.47 ppm and the Hβax centered at δ = 
4.23 ppm show a similar coupling pattern. The singlet sharp singlet corresponding 
to the protons of the methyl group on the nitrogen atom resonates at δ = 3.09 ppm. 
 
Figure 5. 4. 1H NMR spectrum of N-methyl morpholine N-oxide (NMMO) in acetonitrile-d3. 
2D NOESY and 2D DQF COSY NMR experiment resulted helpful to confirm the 
existence of NMMO as only one conformer in solution. Given the lack of NOEs 
signals between the protons of the methyl group and the rest of proton signals, the 
placement of the methyl in equatorial position seems to be fully justified.  
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Figure 5. 5. 2D NOESY spectrum of N-methyl morpholine N-oxide (NMMO) recorded in 
acetonitrile-d3 
A 2D DQF COSY NMR experiment was also helpful in identifying the conformer a of 
the N-oxide as the exclusive specie in solution. The DQF COSY spectrum (Figure 5. 
6) shows cross peaks between J-coupled protons. The intensity of the cross peak is 
proportional to the value of the coupling constants between them. For example, a 
strong cross peak is easily detected between the Hαeq and Hαax protons (δ = 2.85 
ppm and  3.37 ppm, respectively) as a consequence of the geminal coupling (2Jgem = 
11.5 Hz). While weak or almost negligible cross peaks are observed between the 
Hαeq at δ = 2.85 ppm, Hβeq at δ = 3.47 ppm and Hβax at δ = 4.23 ppm since the 
coupling constants between them are smaller (3Jtrans = 1.1 Hz and 3Jcis = 2.3 Hz, 
respectively). As expected for a DQF experiment, the diagonal peak of the methyl 
group is not observed. 18 
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Figure 5. 6. 2D DQF COSY NMR spectrum of N-methyl morpholine N-oxide (NMMO) recorded in 
acetonitrile-d3. 
N-methyl morpholine N-oxide (NMMO): Inclusion Studies 
1H NMR titration experiments of NMMO with calix[4]pyrrole 1 established the 
formation of a 1:1 complex having an association constant value Kass > 104 M-1. The 
inclusion of the guest in the deep aromatic cavity of the host is confirmed by a 
significant downfield shift experienced by the NH protons of calix[4]pyrrole 1, 
resonating at  =10.71 ppm (Δδ = 2.5 ppm). This shift is due to the establishment of 
hydrogen bonding interactions between the NH protons of 1 and the oxygen atom 
of NMMO.  
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Figure 5. 7. Selected downfield region of the 1H NMR spectrum acquired in acetonitrile-d3 during 
the titration of the aryl-extended calix[4]pyrrole 1 with NMMO: a) 0 equivalents; b) 0.7 equivalents; 
c) 1 equivalent of NMMO added to a 1 mM solution of 1.  
After addition of 0.7 equivalent of NMMO, separate proton signals for the free and 
bound receptor are detected. This observation indicates that the host is involved in 
a chemical exchange process that is slow on the 1H NMR timescale. The protons 
signals of the included NMMO appear upfield shifted due to the shielding effect 
exerted by the meso aromatic rings of the calix[4]pyrrole host. We assign the Hα’eq 
protons to the signal resonating at δ = 0.80 ppm while the Hα’ax protons appear at 
δ = 1.06 ppm (Figure 5. 8). The chemical shift values for the axial and equatorial 
Hβ’ protons are δ = 3.11 ppm and δ = 3.27 ppm, respectively. The protons of the 
methyl group in the included NMMO resonate at δ = 1.23 ppm. After the addition of 
more than 1 equivalent of NMMO, new signals appear in the 1H NMR spectrum of 
the mixture that correspond to the protons of free NMMO. The proton signals for 
the free receptor are no longer detected indicating that the receptor is 100% 
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complexed in agreement with a stability constant value for the 1:1 complex higher 
than 104 M-1. 
 
Figure 5. 8. Selected upfield region of the 1H NMR spectrum acquired during the titration of the 
aryl-extended calix[4]pyrrole 1 with NMMO in acetonitrile-d3 solution: a) 0 equivalents; b) 0.5 
equivalents; c) 1.5 equivalent added; d) free NMMO. The broad signal at ~ 3.2 ppm indicated with 
an asterisk corresponds to water. 
Although the 1H NMR experiments described above support the inclusion process 
of the NMMO in the deep aromatic cavity of 1 producing a highly stable complex, 
both kinetically and thermodynamically, they did not give direct information on 
the conformer of NMMO involved in the NMMO@1 complex in solution. We 
expected a deep inclusion of the N-oxide group into the aromatic cavity of 1 and 
the formation of hydrogen bonds with the NH protons. Molecular modelling 
studies suggested the potential existence of a conformational switch for the NMMO 
guest upon binding. If the NMMO guest adopts the conformation in which the 
oxygen atom is placed in an equatorial conformation the steric clashes that exist 
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between the aromatic walls of 1 and the hydrogen bonded guest are noticeably 
reduced (Figure 5. 9 - a). On the contrary, in the case of Figure 5. 9 - b, the aryl 
extended walls of the calix[4]pyrrole 1 are forced to adopt a more open 
conformation in order to create a bigger inner space and let the NMMO be 
included. 
 
Figure 5. 9 CAChe minimized structures of the high (a) and low (b) energy conformer of N-
methylmorpholine-N-oxide (NMMO) in the aryl-extended calix[4]pyrrole 1. 
We performed 2D ROESY and DQF COSY NMR experiments, in order to investigate 
the conformation adopted by the N-methyl morpholine N-oxide when bound in the 
NMMO@1 complex. The observation of a single set of proton signals for the bound 
NMMO suggested that a single conformer has been included. 
Figure 5. 10 depicts the 2D NOESY spectrum of NMMO@1. We detected NOE cross 
peaks between the protons of the included guest and the host, in agreement with 
the proposed inclusion nature of the complex. However, we focus our attention on 
the cross peaks resulting from NOEs (close spatial proximity) that exist between 
the singlet of the methyl protons of the bound NMMO and its equatorial Hα’ and 
axial Hβ’ protons. The presence of these contacts is the first indication of the 
trapping of the NMMO inside the receptor in a different conformation to the one 
exhibited for the guest in the bulk solution.  Moreover, the multiplicity of the 
proton signals of the included guest and the chemical exchange pattern that exist 
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between the protons of the free NMMO suggested that the included guest adopted 
the high energy conformation assigned for the six membered chair in solution. For 
this reason, the protons Hαax and Hβax in axial position in the conformer a adopt 
the equatorial position in conformer b (Hα’eq and Hβ’eq, respectively). In the same 
way, the equatorial protons Hαeq and Hβeq switch to Hα’ax and Hβ’ax in axial 
position. 
 
Figure 5. 10. Selected region of the 2D NOESY of N-methyl morpholine N-oxide included in 1. 
In agreement with the results of the NOESY experiment, the 2D DQF COSY NMR 
experiment validates our assignement for the protons of the included NMMO.  
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Figure 5. 11. 2D DQF COSY NMR of N-methyl morpholine N-oxide (NMMO) included in the aryl-
extended calix[4]pyrrole 1. 
Luckily, we grew single crystals of the NMMO@1 complex suitable for X-ray 
diffraction from acetonitrile solution. The solution of the diffraction pattern 
demonstrated that in the solid state the NMMO is included in the chair high energy 
conformation of the six membered cycle supporting the results obtained in 
solution and molecular modelling studies (Figure 5. 12).   
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Figure 5. 12. Solid state structure of NMMO@1 complex in which the NMMO adopts the high 
energy chair conformation of the six membered cycle. Hydrogen atoms and solvent molecules have 
been omitted for clarity. 
To characterize the kinetic stability of the complex, we performed a 2D EXSY 
experiment at 298 K in presence of an excess of guest (1.5 equivalents of NMMO). 
By integration of the diagonal and the cross peaks of free and bound guest involved 
in chemical exchange (protons Hβ axial and Hβ’ equatorial), we calculated with the 
help of D2DNMR software the exchange rate constant value for the guest exiting 
the host, as kout = 9.1 s-1. Thus the free energy barrier for the dissociation process 
was quantified as ΔGdiss= 18 Kcal/mol-1. The high energy barrier associated with 
the dissociation to the guest hints to the existence of a required conformational 
exchange in the structure of the bound cavitand, from cone to 1,3-alternate, prior 
to the substitution of the guest by another guest or solvent molecules. The 
required change of conformation for the bound host as a prerequisite to guest 
exchange has also been postulated in Chapters 2 and 3 for the binding of anions 
(Figure 5. 13). 
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Figure 5. 13. EXSY 1H NMR spectrum of 1 containing 1.5 equivalents of NMMO in acetonitrile-d3.at 
298 K. 
Reactivity of N-methyl morpholine N-oxide (NMMO) included in aryl-extended 
calix[4]pyrrole 1 
As mentioned before, the NMMO is commonly used as co-oxidant in the catalytic 
oxidation of alcohols to carbonyl groups using tetrapropylammonium 
perruthenate (TPAP). The TPAP reagent in fact can be rendered catalytic only if 
suitable N-oxides are added to the reaction mixture and the NMMO has been 
proved to be one of the most effective and easily to prepare.19 The reaction of 
oxidation is strongly autocatalytic. This means that the rate of the reaction is 
initially slow but accelerates as the concentration of the product increases, while 
decreases near the end of the reaction because of a reduction in the concentration 
of the reactants.20 It has been suggested that colloidal RuO2, formed when 
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perruthenate is reduced by organic reductants, is responsible for the autocatalytic 
nature of these reactions.21 Although the precise nature of the catalytic reaction is 
not exactly defined, it seems that the perruthenate RuO4- coordinates with the 
colloidal RuO2 particles.22  
 
The presence of water can retard the catalytic turnovers since water molecules can 
be bound to the RuO2 particles and reduce the sites available for the RuO4-. Thus, 
molecular sieves are usually added to the reaction mixture in order to remove the 
water of crystallization of the NMMO and the one formed during the reaction. On 
the contrary, reactions carried out in acetonitrile instead of dichloromethane leads 
to greatly improved systems.23 
We were interested in evaluating the effect that the inclusion of the NMMO by 
calix[4]pyrrole 1 (supramolecular inclusion effect) could produce in the outcome 
of reactions like the oxidation of primary and secondary alcohols to carbonyl 
groups. The chemical reactivity of NMMO was first monitored by performing 
“control experiments”. To a 0.5 M solution of benzyl alcohol in acetonitrile 1.5 
equivalents of NMMO were added at r.t. and the reaction was monitored by 1H 
NMR before and, every 15 minutes, after the addition of TPAP catalyst. Molecular 
sieves were also added to the reaction mixture in order to remove the water 
produced during the reaction since it could affect negatively the catalytic turnover 
number.12 The 1H NMR spectrum of the reaction mixture before the addition of 
TPAP is shown in Figure 5. 14 - a.  The signals corresponding to the protons of the 
NMMO in the low-energy chair conformation of the six membered cycle, as well as 
the signals of the benzyl alcohol are easily distinguishable. Once the catalyst is 
added (Figure 5. 14 - b), a new singlet appear in the downfield region of the 
spectra corresponding to the aldehyde proton of the benzaldehyde product. The 
proton signals of the starting benzyl alcohol are no longer detected in the mixture. 
We consider the disappearing of the methylene protons H5 of the benzyl alcohol at 
δ = 4.6 ppm and the appearance of the aldehyde-H4 proton at δ = 10.0 ppm as 
unquestionable signs of the quantitative oxidation of the primary alcohol to the 
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aldehyde. In the aliphatic region of the spectrum, the signals of the protons of the 
tetrapropylammonium cation are also distinguishable. The 1H NMR spectra of the 
reaction crude recorded after 15 (Figure 5. 14 - c) and 30 minutes (Figure 5. 14 - d) 
do not show any significant changes, indicating that the reaction is complete after 
the first couple minutes. 
 
Figure 5. 14. 1H NMR spectra acquired for a 0.5 M solution of benzyl alcohol and 1.5 equivalents of 
NMMO in ACN-d3 (2 mL/mmol, 10 mL), r.t. and with 4Å molecular sieves (500 mg/mmol) before (a) 
and after addition of 1 equivalent of TPAP at  5 minutes (b). The spectra (c) and (d) were recorded 
after 15 and 30 minutes, respectively.  
The reaction was then repeated under the same conditions but adding to the 
solution a slight excess of calix[4]pyrrole 1 respect to the NMMO, in order to be 
sure that the N-oxide would be fully included in the receptor. The 1H NMR 
spectrum of the second reaction crude containing the benzyl alcohol, the TPAP and 
the NMMO@1 is reported in Figure 5. 15. The formation of the NMMO@1 complex 
is confirmed by the signal resonating at δ = 10.47 ppm corresponding to the 
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pyrrole NHs of the bound host. The characteristic proton signals for the protons of 
the included NMMO in the high energy conformation are also detected. The 
spectrum shows a proton signal with low intensity at 10.0 ppm corresponding to 
the aldehyde H4 proton of the benzylaldehyde, indicating that a reduced amount of 
product is formed under these conditions. Probably, all the moles of TPAP catalyst 
added have been consumed in the oxidation of the alcohol. However, most of the 
starting alcohol remains intact, as confirmed by the intense signals of the 
methylene H5 protons of the benzyl alcohol resonating at δ = 4.6 ppm.  After one 
hour of reaction, no changes are observed in the 1H NMR spectrum of the mixture.  
 
Figure 5. 15. 1H NMR spectrum of the reaction crude of a solution of benzyl alcohol, NMMO and 
calix[4]pyrroles 1 in acetonitrile-d3 and after addition of TPAP. 
This experiment indicates that the reoxidation of the catalyst does not occur when 
the NMMO is included in the calixpyrrole 1. The included NMMO can be realeased 
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within seconds by the addition of an excess of the highly competitive 
trimethylamine N-oxide.  
The use of a secondary alcohol like the phenethyl alcohol corroborated our 
previous experimental findings. The oxidation of phenethyl alcohol was monitored 
using 1H NMR spectroscopy (Figure 5. 16 - a). The rate of the oxidation reaction for 
the secondary alcohol was significantly slower than the oxidation of the primary 
alcohol. Inside the calix[4]pyrrole 1 the NMMO was not effective in the reoxidation 
of the TPAP catalyst. Consequently, only traces of acetophenone were observed in 
the reaction mixture (Figure 5. 16 – b). 
 
Figure 5. 16. Selected regions of the 1H NMR spectra of solutions in acetonitrile-d3 of: a) phenethyl 
alcohol, NMMO, TPAP and acetophenone; b) phenethyl alcohol, NMMO, TPAP and calix[4]pyrroles 1 
in acetonitrile-d3. 
The catalytic oxidation of the phenethyl alcohol with TPAP was also monitored 
using gas-cromatography. Two reactions were carried out in parallel, one in 
presence of free NMMO and another with the NMMO@1 inclusion complex. We 
also performed a calibration curve for the phenethyl alcohol in a range of 
concentrations between 2 mM and 5 mM, which allowed the quantification of the 
concentration of the alcohol in the two reactions. The reaction performed in the 
presence of free NMMO in solution showed a decrease in the initial concentration 
of phenethyl alcohol from 5 mM to 2 mM only after 5 minutes. After 10 minutes the 
concentration of the alcohol was 0.2 mM and it was not detected in the reaction 
mixture after 15 minutes. Moreover, a new chromatographic peak appeared with a 
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retention time of 3.95 minutes in addition to the peak of the phenethyl alcohol 
eluting at 3.9 minutes. The area of the first peak increased at the expenses of the 
area of the phenethyl alcohol during the first 15 minutes of the reaction and 
remained constant in aliquots taken from the reaction mixture during 2 hours. We 
assigned the peak with retention time of 3.95 minutes to the acetophenone formed 
in the oxidation reaction. On the contrary, the chromatograms corresponding to 
the analyses of the reaction crude performed by incorporating the calix[4]pyrrole 
1 showed exclusively the existence of the chromatographic peak corresponding to 
the starting phenethyl alcohol, even after 2 hours of reaction. 
 
5. 3 Conclusions 
 
We have reported an example of inclusion of high energy conformers of N-oxides 
in aryl-extended calix[4]pyrroles. In particular, we have demonstrated the 
possibility of stabilizing the high energy conformer of N-methyl morpholine N-
oxide (NMMO) within 1 with high association constants and high stability, both 
thermodynamic and kinetic. The interesting trapping has been studied through a 
combination of 2D NMR experiments, molecular modeling and X-ray diffraction 
technique. We have also evaluated the effect that the inclusion has in modifying the 
normal chemical reactivity of the NMMO by studying the outcome of reactions in 
which the N-oxide is commonly used as sacrificial oxidant (e.g. oxidation of 
primary and secondary alcohol to carbonyl derivatives with 
tetrapropylammonium perruthenate as catalyst). The progress of the oxidation 
reactions has been monitored by 1H NMR spectroscopy and gas chromatography 
analysis, in the presence of free N-methylmorpholine N-oxide or as inclusion 
complex with the aryl-extended calix[4]pyrrole 1 (NMMO@1). In all the cases, the 
free NMMO resulted fundamental for the positive outcome of the reactions and its 
complexation by 1 did not allowed the appearance of the desired aldehyde/ketone 
derivatives in the reaction mixtures but only of the starting alcohols. 
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5. 4 Experimental Section 
 
General information and instrumentation 
All syntheses were carried out using chemicals as purchased from commercial 
sources unless otherwise noted. 1H NMR spectra were recorded on a Bruker 
Avance 400 (400.1 MHz for 1H NMR) and Bruker Avance 500 (500.1 MHz for 1H 
NMR) ultrashield spectrometer; Gas-Chromatography experiments were carried 
out on Agilent GS (Model 6890N). 
Synthesis 
meso-Tetramethyltetrakis(hydroxyphenyl) calix[4]pyrrole 1: see Chapter 2. 
NMMO Reactivity Studies  
Oxydation of benzyl alcohol. Solid TPAP (5 mmol) is added in one portion to a 
stirred mixture of benzyl alcohol (5 mmol, 0.52 mL), NMMO (7.50 mmol) and 4Å 
molecular sieves (500 mg/mmol) in deuterated acetonitrile (2 mL/mmol, 10 mL) 
at r.t. under Ar. 1H-NMR spectra were recorded from the reaction mixture every 15 
minutes.  
 
Oxydation of benzyl alcohol in presence of aryl-extended calix[4]pyrroles 1. Solid 
TPAP (2.27 μmol) is added in one portion to a stirred mixture of benzyl alcohol 
(4.8 mmol, 0.5 mL), NMMO (7.24 mmol), aryl-extended calixpyrrole 1 (72 mmol) 
and 4Å molecular sieves (500mg/mmol) in deuterated acetonitrile (4 mL) at r.t. 
under Ar. The volume of solvent used for the reaction was higher than 2 mL/mmol, 
in order to solubilize the aryl-extended calixpyrrole 1 added to the reaction 
mixture. 1H-NMR spectra were recorded after 5 minutes and one hour.  
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Oxydation of phenethyl alcohol with NMMO and with NMMO@1- NMR studies. 
The reactions were carried out in parallel in two separated NMR tubes, by 
preparing stock solution of NMMO (2.26 mg, 19.29 mM), TPAP (5.08 mg, 14.4 mM) 
and phenethyl alcohol (10 µL, 82.6 mM).  
Oxidation of phenethyl alcohol: Solid TPAP (4.5 µL) was added to a solution of 
phenethyl alcohol (1.29 µmol, 15.7 µL) and NMMO (1.94 µmol, 100.7 µL) in 0.5 mL 




Oxidation of phenethyl alcohol with NMMO@1: Solid TPAP (4.5 µL) was added to a 
solution of phenethyl alcohol (1.29 µmol, 15.7 µL), NMMO (1.94 µmol, 100.7 µL) 
and calix[4]pyrroles 1 (2 μmol) in 0.5 mL of acetonitrile. The reaction was 
monitored for 24 hours and no product was observed by 1H NMR. 
 
Oxydation of phenethyl alcohol with NMMO and NMMO@1 - Gas chromatography 
studies. 
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Monitoring of the concentration of starting alcohol during the reaction was 
performed with the aid of a calibration curve in the range of 2 mM to 5 mM. Stock 
solutions of phenethyl alcohol were prepared in 20 mL of acetonitrile. Aliquots of 
2.5 mL of each stock solution were transferred in vials and analyzed by injecting 
0.2 μl of each solution three times under the same conditions. The method used in 
the experiment consisted in increasing the temperature of 20˚C each 5 minutes 
from 30 to 300˚C. The peak of the phenethyl alcohol has retention time of 3.9 
minutes. The calibration curve reported in Figure 5. 17 is obtained by plotting the 
value of the area of the phenethyl alcohol peak for each concentration (2.0 mM, 
2.5mM, 3.0 mM, 3.5 mM, 4.0 mM, 4.5 mM,  5 mM). The value of the area reported 
for each concentration is calculated as average of the three injections. 
 
Figure 5. 17. Calibration curve plot determined by gas chromatography for the AUC of the 
phenethyl alcohol peak at different concentrations (2.0 mM, 2.5mM, 3.0 mM, 3.5 mM, 4.0 mM, 4.5 
mM,  5 mM). 
Oxydation of phenethyl alcohol with NMMO. Solid TPAP (5 μmol) was added in one 
portion to a stirred mixture of phenethyl alcohol (5 μmol, 12μL), NMMO (149 
μmol) and solided 4Å molecular sieves (50 mg) in acetonitrile (20 mL) at r.t. under 
Ar. Aliquots of 0.5 mL of solution were collected, filtered to remove the catalyst 
and analysed after 5 minutes, 10 minutes, 15 minutes, 30 minutes, 1 hour and 2 
hours using the same method reported for the determination of the calibration 
curve. The reaction was complete after 15 minutes. 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 








Oxydation of phenethyl alcohol with NMMO@1. Solid TPAP (5 μmol) was added in 
one portion to a stirred mixture of phenethyl alcohol (5 μmol, 12μL), NMMO (149 
μmol) and solided 4Å molecular sieves (50 mg) in acetonitrile (20 mL) at r.t. under 
Ar. Aliquots of 0.5 mL of solution were collected, filtered to remove the catalyst 
and analysed after 5 minutes, 10 minutes, 15 minutes, 30 minutes, 1 hour and 
2hours using the same method reported for the determination of the calibration 
curve. No product was observed in the reaction mixture. 
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6. 1 Introduction 
 
Many examples of synthetic receptors derived from resorcin[4]arenes (Figure 6. 1) 
have been introduced and studied by Cram and co-workers.1 Resorcinarenes were 
originally thought to form a folded structure in organic solvents adopting a bowl-
shape cavity in which it was possible to trap numerous molecules.2 MacGillivray 
and Atwood3 demonstrated that the same resorcinarenes self-assemble forming 
large hexameric capsules4 as well as dimeric structures.5 The elaboration of the 
upper rim of resorcin[4]arenes by bridging the aromatic phenol substituents 
affords cavitands. The bridging strategy not only provides an increase in the 
shielding of the bound guest but also preorganizes and prevents the cavity from 
collapsing on itself. Cavitands posses significantly larger binding affinities for 
organic molecules in solution than resorcina[4]arenes. An example of a cavitand 
host is supplied by pyrazine-bridged resorcinarenes. These compounds having 
flexible walls at their upper rim are able to adopt C4v vase or C2v kite conformations 
in function of the external temperature or pH.6,7 Self-folding cavitands are 
resorcin[4]arenes derivatives with eight amido groups at its upper rim. They form 
an array of intramolecular hydrogen bonds that stabilizes the cavitand in the vase-
conformation.8,9 Moreover, head-to-tail linked amide groups within self-folding 
cavitands can adopt either a clockwise or counterwise orientation giving rise to 
conformational enantiomers that interconvert in solution.10 In general, 
resorcin[4]arenes constitute a privileged scaffold for the preparation of a wide 
variety of elaborated cavitands into which molecular recognition binding sites and 
coordination sites for catalytic metals can be installed and combined, as already 
explained in the General Introduction (Chapter 1) of this thesis. These types of 
macrocyclic receptors can bind a wide range of aromatic molecules predominantly 
in a 1:1 stoichiometry forming complexes generally stabilized by a range of weak 
interactions, such as hydrogen bonds, C−H ••• π, cation-π, etc. On the contrary, 
there is very little evidence for a significant binding of neutral molecules with 
simple resorcin[4]arenes in organic solvents. Water-solubilizing groups, such as 
sulfonates, can be appended to the rim of the bowl cavity, thereby increasing the 
affinity for neutral organic guests in water as a consequence of hydrophobic 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 







interactions. Resorcinarenes have been also used as hosts for cations in basic 
media. Phenolate resorcinares in fact are efficient hosts for the molecular 
recognition of organic ammonium ions in protic solvents.11,12 The affinity of the 
mentioned receptors for the ammonium ions is high (103 - 106 M-1) and relies on 
the simultaneous charge-charge and cation-π interactions.13 These receptors have 
been used in the development of promising binary systems for the recognition of 
biologically important ammonium cations like choline, acetylcholine and 
carnitine.14,15 Unfortunately, the main drawback of the resorcin[4]arene receptors 
that are effective in protic media is the low selectivity exhibited for the 
alkyltrimethylammonium motif, present in choline and carnitine derivatives, 
compared to bulkier tetraalkylammonium ions.16 This low selectivity is due to the 
reduced concavity of these receptors that only surrounds a small fraction of the 
ammonium ion. In fact, only neutral or anionic cavitands have been shown to 
possess the ability of binding inside their cavities alkylammonium hosts with high 
size-selectivity.17,18  
 
Figure 6. 1 Resorcin[4]arene structure. In the nomenclature used for the macrocycle, [4] indicates 
the number of resorcinol units that form the receptor. 
The overarching theme of the research presented in this chapter is the design of 
molecules and supramolecules featuring an aromatic cavity or cleft capable of 
including neutral and ionic species and with potential applications as efficient 
supramolecular catalysts. For this purpose we wanted to create resorcin[4]arene 
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derivative receptors with one substituent at their upper rim capable to act as 
catalytic centre. Our supramolecular strategy to catalysis implies the design 
criteria of placing a catalytic site close to the binding site. A lot of efforts have been 
dedicated to the synthesis of the trimethylene-bridged resorcinarene scaffold 2. 
This receptor features a dinitrophenyl unit as extended aromatic wall for further 
elaboration at the upper rim and alkyl (i.e. ethyl) chains at the lower rim for 
solubility purposes (Figure 6. 2). 
                                             
Figure 6. 2 Trimethylene-bridged resorcin[4]arene 2 (blue) with a dinitrophenyl wall (pink), for 
the inclusion of positively charged unsaturated substrate or biologically active molecule (e.g. 
choline) by cation-π interactions.  
One of our aims was to study how the simple structure of 2 affected the binding 
selectivity toward different ions compared to the more elaborated 
resorcin[4]arene – derivatives with four aromatic bridges. We were also interested 
in the evaluation of the single aromatic wall cavitands that we prepared as building 
blocks of supramolecular catalyst precursors. With this purpose in our mind, we 
synthesized the Salphen – Resorcin[4]arene 5 and the Terpyridine – 
Resorcin[4]arene 7 as potential ligands for supramolecular catalysis. The synthesis 
of these compounds is depicted in the general Scheme 6. 1. 
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Scheme 6. 1. General synthetic scheme for the preparation of the resorcin[4]arene - derivatives 5 
and 7.   
 The Salphen – Resorcin[4]arene 5 (Figure 6. 3) was synthesized by reacting the 
diamino groups in the aromatic wall of 3 with an excess of benzyl aldehyde 4.
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Figure 6. 3 Line drawing structure (a) and CAChe energy minimized structure (b = front view, c = 
top view) of the Zn-Salphen Resorcin[4]arene 5. For clarity, hydrogen atoms are omitted. 
The main interest in the synthesis of Zn-salphen resorcin[4]arene complexes lies in 
the possibility of using them as catalyst in the acylation reaction of choline using 
acetyl imidazole as reactant (Scheme 6. 2). We believe that both substrates can be 
simultaneously bound to the Salphen trimethylene bridged cavitand. In particular, 
choline molecules can be included within the aromatic cavity of cavitand 5 through 
cation-π interactions while the imidazole can be coordinated to the Zn+2 metal that 
also acts as a Lewis acid catalyst for the reaction. 
 
Scheme 6. 2 Acylation reaction of choline using acetyl imidazole as reactant. Energy minimized 
structure of the complex formed by the Salphen derivative and acetylcholine. 
Terpyridine – Resorcin[4]arene 7 presents an extended aromatic wall formed by 
the terpyridine moiety covalently linked to the mono-wall cavitand 3 throught an 
imidazolyl spacer (Figure 6. 4).  
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Figure 6. 4 Line drawing structure (a) and CAChe energy minimized structure (b = front view, c = 
top view) of the Terpyridine – Resorcin[4]arene 7. For clarity, hydrogen atoms are omitted. 
The main goal of the synthesis of Terpyridine derivative 7 resided in their further 
applications as Ruthenium - complexes for the catalytic epoxidation of unsaturated 
substrates with an alkylammonium terminal chain (Scheme 6. 3). Considering the 
proposed design, we believe that the substrate is likely to be included in the cavity 
of the resorcinarene-derivative through its trimethylalkylammonium terminal 
through cation – π interactions, while the double bond can be adequately disposed 
in front of the RuIV=O active site of the receptor to undergo an epoxidation 
reaction. 
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Scheme 6. 3 Schematic representation of the catalytic epoxidation reaction of an unsaturated 
substrate (S) by Ruthenium metal centre. Energy minimized structure of the Terpyridine receptor 7 
to be used as potential supramolecular catalyst. 
6. 2 Results and discussion 
 
6.2. 1 Synthesis of cavitand 2 
Resorcin[4]arenes are easily obtained in large scale from the acid catalyzed 
condensation of acetaldehyde and resorcinol.19 Based on the relative configuration 
of the substituents at the methylene bridges of the resorcin[4]arene, four different 
configurational isomers exist20: the all-cis (ccc), the cis-cis-trans (cct), the cis-trans-
trans (ctt) and trans-cis-trans (tct) (Figure 6. 5). 
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Figure 6. 5 Resorcinarene’s configurational isomers. 
In the reaction crudes of the acid condensation reactions only two of the four 
possible stereoisomers are usually detected (Figure 6. 6): the R-cis-cis-cis with C4v 
symmetry and the R-cis-trans-trans with C2v symmetry. The stereoisomer 1 (C4v) of 
the cyclic tetramer is usually obtained as almost the exclusive reaction product. 
 
Figure 6. 6 Molecular structures of the two configurational stereoisomers of Resorcin[4]arenes 
obtained from the acid condensation reaction of resorcinol and aliphatic aldehydes. 
The flexible and three dimensional structure of the resorcin[4]arenes allows the 
existence of the single configurational isomer R-cis-cis-cis in different 
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conformations: crown (C4v, a), chair (C2h, b), boat (C2v, c) and saddle (D2d, d) as 
shown in Figure 6. 7. 
 
Figure 6. 7 Possible conformations of the R- cis, cis, cis configurational isomer. 
The all-cis crown isomer of 1 is isolated as the main macrocyclic product in the 
condensation reaction of resorcinol and propionaldehyde. The precipitation of the 
least soluble isomers serves as themodynamic sink. The 1H-NMR spectrum of 1 
indicates an effective C4v symmetry in solution. Most likely, the formation of a seam 
of hydrogen bonds in the upper rim of the compound is possible only when the 
molecule adopts this conformation for the energetic advantage.  
The standard procedure for the cyclotetramerization reaction was employed by 
reacting the resorcinol with 1.5 equivalents of propionic aldehyde in 
ethanol/water solution containing concentrated aqueous HCl (2:2:1 volumetric 
ratio) at 75°C for 2 hours and by continuous stirring at room temperature for one 
week (Scheme 6. 4).  
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Scheme 6. 4 Synthesis of resorcin[4]arene 1. Conditions: resorcinol, propionaldehyde (1.5 
equivalents), EtOH/H2O/HCl (2:2:1), 75 °C, 2 hrs, then r.t. 7 days (yield: 67%). 
The product that precipitated from the reaction mixture was recrystallized from 
EtOH/water (1:1). As indicated above, when using aliphatic aldehydes only the C4v 
isomers are isolated. The acid-catalyzed condensation of resorcinol with aldehydes 
is interpreted in terms of cationic intermediates and electrophilic aromatic 
substitution reactions (Scheme 6. 5).21 Weinelt and Schneider undertook kinetic 
and molecular modeling studies on the mechanism of the acid-catalyzed 
condensation reaction between resorcinol and acetaldehyde and concluded that a) 
the ring closure is as fast as the chain propagation process, b) the macrocyclic 
products are the thermodynamic sink of the reactions and c) linear oligomers 
longer then four aryl units depolymerize fast in comparison with ring opening, 
promoting the formation of the cyclic tetramer.22  
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Scheme 6. 5 Pathway for the acid-catalized condensation of resorcinols and aldehydes. 
The synthesis of the hybrid trimethylene-bridged dinitrophenyl resorcinarene 2 
was achieved by building first the trimethylene-bridged resorcinarene scaffold and 
by introducing in a second step the dinitrobenzene moiety through the two 
remaining adjacent phenol oxygens (Scheme 6. 6). 
 
Scheme 6. 6 Synthesis of the hybrid bridged resorcinarene 2 starting from resorcinarene 1. 
Conditions: a) K2CO3 (8 equivalents), CH2Br2 (2.2 equivalents), DMSO, 85 °C, 3 hrs (yield 18%). b) 
1,2-difluoro-4,5-dinitrobenzene (1.1 equivalents), DMF, NEt3 (2 equivalents), 80 °C, 2 hrs (yield 
46%). 
The trimethylene-bridged diol resorcinarene 1’ was prepared by reacting 1 with 8 
equivalents of K2CO3 and 2.2 equivalents of CH2Br2 in dry DMSO, at 85 °C for 3 
hours and purified by flash chromatography using a mixture of 
dichloromethane:ethyl acetate (from 100:0 to 95:5) with 18% yield.23 The 1H NMR 
spectrum of 1’ shows two doublets for the diastereotopic protons of the methylene 
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bridges, with geminal coupling 2JH-H ~ 7 Hz. In accordance with the C2 symmetry of 
the molecule, two chemically non-equivalent methylene groups can be 
distinguished. We assigned the Hi signals to the protons oriented towards the 
cavity and belonging to the two methylene bridges in α position respect to the diol. 
These protons resonate at δ = 4.5 ppm. The inwardly directed Hr proton of the 
remaining methylene group resonates at δ = 4.4 ppm. The protons outwardly 
oriented Ho and Hq are downfield shifted with respect to the germinal ones that 
are inwardly oriented and resonate at δ = 5.77 and δ = 5.74 ppm, respectively.  
 
Figure 6. 8. 1H-NMR spectrum of the trimethylene-bridged diol resorcinarene 1’ in chloroform-d 
solution. 
The hybrid trimethylene-bridged dinitrophenyl resorcinarene 2 was prepared by 
reacting the trimethylene-bridged diol resorcinarene 1’ with 1.1 equivalents of 1,2-
difluoro-4,5-dinitrobenzene using NEt3 as base, in dry DMF at 80 °C for 2 hours. 
The installation of the aryl wall was confirmed by the appearance in the 1H NMR 
spectrum of 2 of a singlet at δ = 7.96 ppm corresponding to the Hm protons of the 
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dinitrophenyl group, as well as by the downfield shift of the He peak at δ = 5.59 
ppm (Δδ = 1.35 ppm), as consequence of the different magnetic environment 
experienced by He (Figure 6. 9). 
 
Figure 6. 9 1H-NMR spectrum of the trimethylene-bridged dinitrophenyl resorcinarene 2 in 
chloroform-d solution. 
All the signals in the 1H-NMR of 2 were assigned to the corresponding protons by 
means of 2D NMR experiments. In particular, 2D NOESY experiment was very 
useful (Figure 6. 10). The NOEs cross peaks observed between the Hc and Hd 
protons assigned to the signals at δ = 7.22 ppm and δ = 7.17 ppm and the Hu and Hv 
protons of the ethyl chain indicate that these protons are directed toward the 
lower rim of 2. Likewise, the methine protons Hf and Hg (δ = 4.66 ppm) displayed 
similar NOEs. On the contrary, the peak assigned to Ha (δ = 6.86 ppm) gives NOE 
with the vicinal Hm protons (δ = 7.96 ppm) of the extended phenyl wall while Hb (δ 
= 6.49 ppm) shows NOE with the inwardly oriented protons Hi and Hr of the 
methylene bridges (δ = 4.37 ppm and δ = 4.29 ppm). Taken together, these results 
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indicated that Ha and Hb correspond to the aromatic protons in the upper rim of 
the cavitand. 
 
Figure 6. 10. 2D NOESY NMR spectrum of the hybrid trimethylenebridged dinitrophenyl 
resorcinarene 2. The asterisk * indicates residual proton signals of the solvent. 
In order to install the Salphen or the Terpyridine arms as ligands for the catalytic 
centre into the cavitand scaffold, we reduced the dinitro groups of 2, affording the 
diamino derivative 3 (Scheme 6. 7). The reduction was achieved under mild 
conditions and in quantitative yields, by adding a catalytic amount of Ni/Raney to a 
THF solution containing 2 and stirring the resulting suspension under H2 
atmosphere at room temperature overnight. 
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Scheme 6. 7 Synthesis of the trimethylene bridged diaminophenyl resorcinarene 3 starting from 
trimethylene bridged dinitrophenyl resorcinarene 2. Conditions: H2, Ni/Raney, THF, r.t, overnight 
(yield 100%). 
The reduction of the nitro groups (-NO2) to amines (-NH2) was confirmed by the 
upfield shift experienced by the Hm protons to δ = 6.48 ppm and the concomitant 
appearance of a new broad signal at δ = 3.36 ppm corresponding to the four 
protons of the two -NH2 functional groups. 
 
Figure 6. 11 1H-NMR spectrum of the trimethylene-bridged diamine phenyl resorcinarene 3 in 
chloroform-d solution. The asterisk * indicates residual proton signals of the THF solvent. 
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6.2. 2 Synthesis of the Salphen Resorcin[4]arene 5 
Due to the reduced stability of the diamine 3, we immediately reacted 3 with the 
corresponding aldehyde 4 or 6. In particular, the Salphen – Resorcin[4]arene 5 was 
synthesized by reacting 3 with an excess of 3,5-di-tert-butyl-2-
hydroxybenzaldehyde24 4 under reflux of toluene for 24 hours25. The Salphen 
compound 5 was purified by chromatography using a mixture of Hexane:AcOEt 
(from 100:0 to 95:5) to remove the excess of 4 (Scheme 6. 8).  
 
Scheme 6. 8 Synthesis of the Salphen Resorcinarene 5 from the trimethylene bridged 
diaminophenyl resorcinarene 3 and 3,5-di-tert-butyl-2-hydroxybenzaldehyde 4. Conditions: 
toluene, reflux, 24 hrs (yield 52%).  
By means of 2D NMR experiments, we were able to assign all the signals of the 1H 
NMR spectrum to the corresponding protons in ligand 5 (Figure 6. 12). The 
formation of the imine linkages between the diamine cavitand 3 and the 
benzaldehyde 4 was confirmed by the observation of the signals corresponding to 
both the protons of the Salphen moiety at low field (green colour) and to the 
cavitand (blue and pink colours). Diagnostic signals were those of the protons Ht 
resonating at δ = 8.64 ppm that corresponded to the imine groups.  
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Figure 6. 12 1H-NMR spectrum of the Salphen Resorcinarene 5 in chloroform-d solution. 
6.2. 3 Synthesis of Terpyridine 6 
As explained before, the synthesis of the terpyridine unit 6 that contains an 
aldehyde group was performed in order to covalently attach it to the diamine 
resorcin[4]arene receptor 3 obtained from the reduction of the dinitro compound 
2 through the formation of an imidazol spacer. Since terpyridines are interesting 
ligands for a wide range of transition metals26,27,28,29,30,31,32,33, we plan to use this 
substituent for the catalytic application of the cavitands developed in this work. 
The synthesis34 starts from 2,6-dibromopyridine-4-carboxilic acid 9. The diacid is 
converted into the bromide-derivative 10 by reaction with tribromide 
phosphorous oxide at 175 °C in an autoclave system. Next, the carboxylic function 
was esterified to give 11 under Fisher conditions and reduced to alcohol by 
treatment with sodium borohydride. The obtained alcohol 12 was converted into 
the aldehyde 13 by Swern oxidation. The final step involved a cross-coupling 
aromatic reaction. Modern palladium (0)-catalyzed coupling reactions combine the 
desired efficiency and simplicity with controllable substitution possibilities.35 
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Suzuki, Negishi and Stille couplings are all based on a Pd0/PdII catalytic cycle. The 
Stille cross-coupling, in particular, has become a popular terpyridine preparation 
route, due to its universal building-block principle, its multigram product 
accessibility and the well-directed functionalization at almost every desired 
position of the terpyridine rings. Terpyridines can be obtained by reaction of 
appropriate 2,6-dibromopyridines, the central building blocks, with freshly 
distilled 2-(tributylstannyl)pyridine catalyzed by palladium (0) in toluene for 16 
hours (Scheme 6. 9). 
 
Scheme 6. 9 Synthesis of terpyridine aldehyde 6. Conditions: (a) 1.5 equiv of POBr3, 175° C in 
autoclave (56%);  (b) 1 equiv sulphuric acid 96%, 1 equiv EtOH, 78° C, 4 hrs 30 min, (96%); (c) 4.9 
equiv of NaBH4, EtOH, 3 hrs (86%); (d) 1.1 equiv of  oxalyl chloride, 1.4 ml of DMSO, CH2Cl2, -78° C, 
Et3N (74%); (e) 2 equiv of stannylpyridine, 0.02 equiv of Pd(PPh3)4, toluene, 16 hrs (77%). 
6.2. 4 Synthesis of the Terpyridine Resorcin[4]arene 7 
The synthesis of the Terpyridine Resorcin[4]arene 7 was achieved by adding 
dropwise a defect of  Terpyridine 6 (~ 0.8 equivalents) to a solution of 3 in dioxane 
while bubbling with air. The solution was heated up to 100° C and left reacting for 
3 hours at the same temperature. The pure ligand 7 was isolated in 77% yield from 
the reaction mixture by crystallization from MeOH (Scheme 6. 10).  
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Scheme 6. 10 Synthesis of the Terpyridine Resorcinarene 7 from the trimethylene bridged 
diaminophenyl resorcinarene 3 and terpyridine 6 (0.8 equivalents). Conditions: dioxane, 100° C, 3 
hrs (yield 77%).  
The 1H NMR spectrum of 7 in chloroform confirms the successful coupling of the 
terpyridine ligand with the cavitand component through the formation of the 
imidazole spacer. In chloroform solution, the tautomeric equilibrium of the 
benzimidazolyl substituent is slow on the NMR timescale, having as consequence 
the observation of different signals for the aromatic protons36 (Hs and HS’ in Figure 
6. 13). The symmetry reduction imparted in the molecule by the presence of this 
spacer generates a high number of proton signals than originally expected. 
Neverthless, we assigned the observed signals to all the protons in the receptor by 
performing 2D NMR experiments. In addition to the peaks belonging to the 
cavitand (indicated with blue colour), the spectrum shows the expected five sets of 
protons of the terpyridine moiety (Figure 6. 13 - a, orange colour). We assigned the 
proton Ht of the imidazole NH group to the signal resonating at δ = 8.74 ppm and 
the signals at δ = 6.87 ppm and at δ = 6.49 ppm to the Hs and HS’ protons in the 
aromatic ring of the benzymidazolyl spacer.  
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Figure 6. 13 1H-NMR spectrum of the Terpyridine Resorcinarene 7 in chloroform-d solution with 
expansion of the aromatic region corresponding to the terpyridine moiety linked to the cavitand 
through the imidazolyl spacer (a) and the free terpyridine aldehyde 6 (b). The numbering of the 
free terpyridine has been maden following the one reported in literature. 
It is worth noting that in THF the tautomerization equilibrium of the imidazolyl 
group was also slow on the NMR time.37 Also in this case, the asymmetry of the 
cavitand provokes the observation of some protons as diastereotopic pairs.  
We observed that when performing the same reaction with > 0.9 equivalents of 
Terpyridine 5 the overall yield drops down due to the concomitant formation of 
the bis-terpyridine resorcin[4]arene 8 (Figure 6. 14). 
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Figure 6. 14 Bis-terpyridine resorcin[4]arene derivative 8 formed in the reaction mixture in 
addition to the desired ligand 7 when > 0.9 equivalents of Terpyridine 5 are used as reactant. 
We also tried to purify the Terpyridine Resorcin[4]arene 7 from the reaction 
mixture by HPLC or flash chromatography in reverse phase, using a mixture of 
THF:H2O (60:40) or THF:H20:TFA (60:40:0.1). However, all our efforts resulted 
useless, due to the instability of 7 in C18 silica columns. 
6. 3 Conclusions 
 
The milestone of this work has been the synthesis of cavitand receptors decorated 
with substituents that can be used as ligands for catalytic metal centers. In 
particular, we have prepared the hybrid trimethylene-bridge dinitrophenyl 
resorcinarene 2. This compound is expected to be able to include guests with a 
trimethylalkylammonium terminal knob by means of cation-π interactions. We 
have also installed in this functionalized cavitand two flexible arms (Salphen or 
Terpydine). These arms are located close to the binding site and will be used as 
ligands for the binding of catalytic metal centres. We plan to explore the properties 
of these molecules featuring a binding site in close proximity with a catalytic site 
for the following selective and catalytic reactions: acylation of choline with acetyl 
imidazole, in the case of the ligand 5, and epoxidation of unsaturated saubstrates 
using ligand 7. 
UNIVERSITAT ROVIRA I VIRGILI 
DESIGN, SYNTHESIS AND BINDING STUDIES OF CALIX(4)PYRROLE BASED RECEPTORS SUITABLE FOR ION-PAIR COMPLEXATION  
AND N-OXIDE RECOGNITION. SYNTHESIS OF RESORCIN(4) ARENE DERIVATIVES AS POTENTIAL LIGANDS FOR SUPRAMOLECULAR CATALYSIS 
Moira Ciardi 







6. 4 Experimental Section 
 
General information and instrumentation 
All syntheses were carried out using chemicals as purchased from commercial 
sources unless otherwise noted. 1H NMR spectra were recorded on a Bruker 
Avance 400 (400.1 MHz for 1H NMR) and Bruker Avance 500 (500.1 MHz for 1H 
NMR) ultrashield spectrometer. 
Synthesis 
Resorcin[4]arene 1 (67%).38 In 1 L two-necked round bottomed flask equipped 
with a magnetic stirrer, resorcinol (66 g, 600mmol) was dissolved in EtOH (300 
mL) and water (300 mL) and cc HCl (150 mL) were added. Propionaldehyde (36 
mL) was added dropwise and the system was left reacting first at 75 °C for 2hrs, 
then at r.t. for 6 days. A yellow precipitates appeared after only 30 minutes of 
reaction that was filtered off and rinsed with EtOH/water (1:1). The solid was 
collected and dried under vacuum over P2O5 before any further use.  









 (5.3 mL, 75 mmol) were added, under nitrogen, to a solution of 
resorcinarene 1 (20.5 g, 34.1 mmol) in dry DMSO (10 mL). The purple mixture was 
stirred at 85°C for 3 hrs. The reaction was quenched by addition of HClaq (10%, 30 
mL), and the resulting mixture was extracted with CH2Cl2 (3 x 30 mL). The organic 
layers were collected, washed with water (5 x 15 mL), dried over Na2SO4 and the 
solvent was evaporated under reduced pressure. The crude was purified by flash 
using a DCM:AcOEt mixture (from 100:0 to 90:10). The product appears as white 
foam. 1H-NMR (400 MHz, CDCl3) δ (ppm) 7.18 (s, 2H), 7.12 (s, 2H), 6.9 (bs, 2H), 
7.33 (s, 2H), 6.51 (s, 2H), 6.40 (s, 2H), 5.77 (d, 2H, 2JH-H =7.02 Hz), 5.74 (d, 1H, 2JH-H 
=7.02 Hz), 4.65 (t, 2H, 3JH-H =8.05 Hz), 4.62 (t, 1H, 3JH-H =8.05 Hz), 4.5 (d, 2H, 2JH-H 
=7.02 Hz), 4.39 (d, 1H, 2JH-H =7.02 Hz), 4.24 (t, 1H, 3JH-H =8.05 Hz), 2.28 (m, 8H), 1.05 
(t, 6H, 3JH-H =7.43 Hz), 1.0 (t, 3H, 3JH-H =7.43 Hz), 0.95 (t, 3H, 3JH-H =7.43 Hz). 
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Trimethylene-bridged dinitrophenyl resorcinarene 2 (46%). Trimethylene-
bridged resorcin[4]arene diol 1’ (4 g, 6.28 mmol) and 1,2 difluoro-4,5-
dinitrobenzene (1.4 g, 6.9 mmol) were dissolved in dry DMF (50 mL) under 
nitrogen. Triethylamine (1.7 mL, 11.94 mmol) was added dropwise and the 
reaction mixture was stirred at 80°C for 2 hrs. The DMF was evaporated under 
reduced pressure and the residue was dissolved in DCM (20 mL), washed with HCl 
10% (20 mL), washed with brine and the  solvent removed under vacuum. The 
desired product 2 was purified by Combiflash using a mixture of Hex:AcOEt ( from 
90:10 to 0:100). 1H-NMR (500 MHz, CDCl3) δ (ppm) 7.96 (s, 2H), 7.22 (s, 2H), 7.17 
(s, 2H), 6.86 (s, 2H), 6.49 (s, 2H), 5.79 (d, 2H, 2JH-H =7.02 Hz), 5.73 (d, 1H, 2JH-H =7.02 
Hz), 5.59 (t, 1H, 3JH-H =8.05 Hz), 4.66 (m, 3H), 4.37 (d, 2H, 2JH-H =7.02 Hz), 4.29 (d, 
1H, 2JH-H =7.02 Hz), 2.3 (m, 8H), 1.04 (m, 12 H).  
Trimethylene-bridged diamine phenyl resorcinarene 3 (100%). A suspension of 
catalytic amount of  Ni/Raney  in THF (3 mL) was added into a round bottom flask 
containing the resorcinarene 2 (5 g, 0.62 mmol) and protected from light. The 
apparatus was purged with H2 and the mixture was stirred at r.t. overnight. The 
catalyst was removed by using a Teflon filter and the solvent evaporated under 
vacuum and at r.t. 1H-NMR (400 MHz, CDCl3) δ (ppm) 7.915 (s, 2H), 7.15 (s, 2H), 
6.86 (s, 2H), 6.77 (s, 2H), 6.48 (s, 2H), 5.72 (m, 4H:1H, 2H, 1H), 4.65 (t, 2H, 3JH-H 
=8.05 Hz), 4.60 (t, 1H, 3JH-H =8.05 Hz),  4.48 (d, 2H, 2JH-H =7.02 Hz), 4.36 (d, 1H, 2JH-H 
=7.02 Hz), 3.36 (bs, 4H), 2.28 (m, 8H), 1.02 (m, 12 H). 
 
Salphen Resorcinarene 5 (52%). To a solution of diaminoresorcinarene 3 in 
toluene (50 mL), 3,5-di-tert-butyl-2-hydroxybenzaldehyde 4 in toluene (10 mL) 
was added under argon atmosphere and the mixture was left reacting under reflux 
for 24 hrs. The solvent was removed under reduced pressure and the crude was 
purified on silica using a mixture of Hexane:AcOEt (from 100:0 to 95:5). 1H-NMR 
(500 MHz, CDCl3) δ (ppm) 13.22 (s, 2H), 8.66 (s, 2H), 7.50 (d, 2H, 4JH-H=2.3 Hz), 
7.33 (s, 2H), 7.26 (d, 2H, 4JH-H=2.3 Hz), 7.23 (s, 2H), 7.19 (s, 2H), 6.98 (s, 2H), 6.50 
(s, 2H), 5.77 (d, 2H, 2JH-H =7.02 Hz), 5.77 (t, 1H, 3JH-H =8.05 Hz), 5.73 (d, 1H, 2JH-H 
=7.02 Hz), 4.69 (t, 2H, 3JH-H =8.05 Hz), 4.65 (t, 1H, 3JH-H =8.05 Hz), 4.48 (d, 2H, 2JH-H 
=7.02 Hz), 4.37 (d, 1H, 2JH-H =7.02 Hz), 2.32 (m, 8H), 1.46 (s, 18H), 1.36 (s, 18H), 
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1.08 (t, 9H, 3JH-H =7.16 Hz), 1.02 (t, 3H, 3JH-H =7.16 Hz). 13C-NMR (500 MHz, CDCl3) δ 
(ppm) 12.30-12.35-12.48 (CHv), 29.41 (CHs), 31.44 (CHr), 22.68-23.13-23.24-24.69 
(CHu), 35.59 (CHe), 38.16-38.34 (CHf, CHg), 99.48-99.62 (CHi+ CHo, CHq, CHr), 115.9 
(CHa), 116.2 (CHm), 116.6 (CHb), 120.25-122.68 (CHd, CHc), 127 (CHn), 128.88 
(CHp), 34.23, 35.2, 118.15, 135.67, 137.34, 137.62, 138.21, 138.53, 140.43, 140.78, 
151.47, 154.55, 154.80, 155.14, 155.32, 158.52, 165.37 (CHt). HR MALDI m/z 
calculated for C75H84N2O10 1172.6, found 1172.6. Elementar analysis calculated for 
C75H84N2O10 + 2(AcOEt): C, 73.86; H, 7.47; N, 2.08; found C, 73.96; H, 7.12; N, 2.63. 
 
Terpyridine Resorcin[4]arene 7 (77%). In an Ace Glass Tube, 
diaminoresorcinarene 3 was dissolved in dioxane (2 mL) and a solution 
terpyridine 6 (0.118g, 0.45 mmol) in dioxane (2 mL) was added dropwise while 
purging the diamine solution with air. The system was closed and the mixture, 
which turned from pale yellow to strong orange, was left reacting at  100°C for 
3hrs. The solvent was removed under vacuum and the crude crystalized in MeOH. 
1H-NMR (400 MHz, THF-d8) δ (ppm) 9.04 (s, 2H), 8.96 (s, 1H), 8.73 (m, 4H), 7.95 
(m, 2H), 7.61 (s, 1H), 7.42 (m, 2H), 7.34 (m, 2H), 7.33 (s, 1H), 7.31(s, 1H), 7.16 (s, 
1H), 6.99 (s, 1H), 6.91 (s, 1H), 6.42 (s, 1H), 6.39 (s, 1H), 5.79 (t, 1H, 3JH-H =8.05 Hz), 
5.67 (d, 1H, 2JH-H =7.02 Hz), 5.67 (d, 1H, 2JH-H =7.02 Hz), 5.56 (d, 1H2JH-H =7.02 Hz), 
4.66 (m, 3H, 3JH-H =8.05 Hz), 4.41 (d, 1H, 2JH-H =7.02 Hz), 4.38 (d, 1H, 2JH-H =7.02 Hz), 
4.35 (d, 1H, 2JH-H =7.02 Hz), 2.38 (m, 8H), 1.04 (m, 12H). 13C-NMR (500 MHz, THF) δ 
(ppm) 11.73(CHv), 11.82(CHv), 11.86(CHv), 11.94(CHv), 22.83 (CHu), 22.90(CHu), 
22.93(CHu), 22.93(CHu), 35.39(CHm), 38.17(CHp), 38.36(CHn), 38.37(CHn’), 99.18-
99.23-99.26(CHo+CHo’, CHi+CHi’, CHq+CHr), 110.12(CHh), 112.92(CHs), 115.98-
116.24-116.56-116.67(CHl, CHl’, CHh’, CHs’), 119.18 (CHa), 120.20(CHf, CHf’), 120.70-
149.09(CHe, CHe’, CHb, CHb’), 122.11-122.24(CHg, CHg’), 123.87 (CHc, CHc’), 131.74, 
133.58, 135.51, 135.94, 136.59(CHd, CHd’), 137.50, 137.62, 137.75, 137.91, 137.96, 
138.0, 143.41, 143.79, 145.67, 153.28, 154.85, 154.87, 154.95, 155.18, 155.19, 
155.45, 155.67, 155.73, 155.83, 156.24; HR MALDI m/z calculated for C61H51N5O8 
981.37, found 982.37 [M+H]+.  
Terpyridine Synthesis 
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2,6-dibromopyridine-4-carboxilic acid 10 (56%). Citrazinic acid (4 g, 25.01 mmol) 
and POBr3 (11.19 g, 39.02 mmol) were heated at 152°C for an hour (pression ~ 10 
bar), then at 175°C for further 7 hours (pressure ~ 20 bar). Finally, the 
temperature was reduced to 110°C and left reacting overnight. The day after, the 
reaction was cooled down to 30°C and a black solid was obtained, which was 
arrastred with water. The suspension was filtered off to obtained a black solid 
which was dissolved in CH2Cl2 and extracted with water and a brown aqueous 
phase that was extracted with CH2Cl2. The resulting organic phases were collected, 
dried over MgSO4 and the solvent was removed under vacuum.  
2,6-dibromopyridine-4-ethyl ester 11(96%). A mixture of the carboxylic acid (2.7 
g, 9.61 mmol) and 96% H2SO4 (0.7 mL) in ethanol (21.5 ml) was heated under 
reflux at 78°C for 4 hrs and 30 min. Ethanol was removed under vacuum and the 
residue was washed with water. The aqueous phase was extracted with CH2Cl2 (25 
mL x 3) and the combined organic phases was dried over MgSO4, filtered and the 
solvent evaporated. The crude (3.04 g) was purified by flash cromatography using 
a mixture of Hexane:CH2Cl2 (1:1).  
2,6-dibromo-4-hydroxymethylpyridine 12 (86%). NaBH4 (0.9 g, 4.94 mmol) was 
added in portions to a solution of carboxilate 11(1.5 g, 4.85 mmol) in EtOH (90 ml) 
at 0°C and the mixture was refluxed for 3 hrs. EtOH was removed under vacuum 
and H2O was added (60 mL). The excess of NaBH4 was destroyed by addition of 1N 
HCl (5ml) and the solution was neutralised with Na2CO3 aqueous solution. Tha 
aqueous phase was extracted with CH2Cl2 (30 mL x 3) and the combined organic 
phases were dried over MgSO4. The solvent was removed under vacuum affording 
12 in 84% yield.  
2,6-dibromopyridine-4-carbaldehyde 13 (74%). To a solution of oxalyl chloride 
(4.54 ml, 9.09 mmol) in CH2Cl2 (58.5 ml) at -78°C was added under N2 atmosphere 
a solution of DMSO (1.4 ml, 19.83 mmol) in CH2Cl2 (9.75ml). After 10 min, a 
solution of the alcohol (2.2 g, 8.26 mmol) in 29 ml of CH2Cl2 was added. The 
mixture was stirred for 15 minutes and Et3N (5.8 ml, 41 mmol) was added. The 
cooling bath was removed and H2O was added at r.t. The aqueous phase was 
extracted with CH2Cl2 (30 mL x 3) and the combined organic phases were dried 
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over MgSO4. Evaporation of the solvent under vacuum and purification by flash 
chromatography using a mixture of CH2Cl2:Hexane (2:3) gave 13 in 74% yield 
(Scheme 6. 11). 
 
Scheme 6. 11 Mechanism of the Swern oxidation, where primary or secondary alcohols are 
oxidized to aldehydes or ketones, respectively, by treating them with dimethyl sulfoxide (DMSO) 
activated by oxalyl chloride at low temperatures (-78 °C to -60 °C) and then with an organic base 
like triethyl amine. The Swern oxidation is the best alternative to the use of carcinogenic chromium 
based oxidizing agents. The reaction must be performed below -60 °C to avoid the formation of side 
products like mixed thioacetals. However, the use of trifluoroacetic anhydride instead of oxalyl 
chloride allows the reaction to be warmed up to -30 °C.39 
Terpyridine 5 (77%). Preparation of the 2-(tributylstannyl)pyridine: To a 
degassed three-necked round-bottom flask equipped with a magnetic stirrer, 2-
bromopyridine (2.56 mL, 26.90 mmol) was added under an argon atmosphere. 
Distilled diethylether (DEE, 50 mL) was added stepwipe. The system was cooled to 
-80°C followed by the dropwise addition of n-BuLi (1.6 M solution in n-hexane, 21 
mL, 33.60 mmol). The reaction mixture was kept at the same temperature for 3 
hrs. Afterwards, tributyl zinc chloride (9 mL, 33.60 mmol) was added and the 
reaction mixture was stirred first at -80°C for 3hrs, then at r.t. for 12 hrs. All the 
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solvents were evaporated under vacuum and 60 mL of distilled DEE was added. 
The mixture was filtrated to remove any solid impurities and the filtrate was 
evaporated under reduced pressure. The resulting 2-(tributylstannyl)pyridine was 
used in the following reaction without any further treatment. The 1H-NMR and 
119Sn-NMR spectra of the product resulted comparable with the commercial one. 
However, in both cases the product was not totally pure. For this reason, it was 
further purified by performing a distillation by Kugelrohr at 149°C and 0.13 mbar. 
The 2-(tributylstannyl)pyridine was stored in the freezer used for the synthesis of 
5 reaction the same day in which the reaction was carried out. 
To a solution of 2,6-dibromopyridine-4-carbaldehyde 13 (0.96 mg, 3.64 mmol) in 
toluene (50 mL), Pd(PPh3)4 (0.084 g, 0.073 mmol) and freshly distilled 2-
(tributylstannyl)pyridine (2.67g, 7.27 mmol) were added and the mixture was left 
reacting overnight at 130°C (Scheme 6. 12). After 16 hours  the solvent was 
evaporated under reduced pressure and the crude was washed with distilled40 
CH2Cl2 (50 mL). The suspension was filtrated on celite and the solvent was 
removed under vacuum. The crude was purified by Combiflash using a mixture 
DCM:AcOEt (from 100:0 to 95:5) and the terpyridine 5 was recrystallized by MeOH 
(30 mL).  
 
Scheme 6. 12 Mechanism of the Still cross coupling reaction41 to give 5. 
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General Conclusions and Future Perspectives 
 
This thesis focused on the design of Supramolecular Hosts.  
We have designed and synthesized unprecedented calix[4]pyrrole cavitands with 
two and four phosphonate groups. The receptors differ by the relative spatial 
orientation of the phosphonate groups installed in the upper rim of the common 
aryl-extended calix[4]pyrrole scaffold. We have evaluated the binding properties 
of the bis and tetra phosphonate receptors with tetraalkylammonium chloride salts 
and primary alkylammonium chloride in DCM and ACN solutions. In DCM solution, 
the diastereomeric hosts form thermodynamically (Ka > 104 M-1) and kinetically 
highly stable 1:1 ion-paired complexes with quaternary 
trimethylphosphonium/ammonium chloride salts like TMPCl. In solution, the 
relative orientation of the P=O groups with respect to the aromatic cavity has a 
strong impact on the binding properties of the receptor and in the geometry of its 
ion-paired complex. The design of heterotopic receptors for the binding of ion 
pairs represents an emerging field in Supramolecular Chemistry due to the 
potential applications of these molecules as salt solubilizers, extracting agents and 
membrane transportes and makes these systems an interesting topic for further 
investigation in the future. In particular, the exclusive preparation of 
calix[4]pyrroles with only inwardly oriented phosphonate groups by using a 
specific template represents a promising design of receptors for the transport of 
biological molecule through membrane. Likewise, we have presented the design 
and synthesis of a new triazolophane-based anion pair receptor for the binding of 
linear guest like the bifluoride ion HF2ˉ. 
We also prepared aryl-extended calix[4]pyrroles for the selective inclusion of N-
oxides typically used as sacrificial agents in oxidation reactions. In particular, we 
have demonstrated the possibility of stabilizing the high energy conformer of N-
methyl morpholine N-oxide (NMMO) within aryl-extended calix[4]pyrroles with 
high association constants and high stability, both thermodynamic and kinetic. We 
have evaluated the effect that the inclusion has in modifying the normal chemical 
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reactivity of the NMMO by studying the outcome of reactions in which the N-oxide 
is commonly used as sacrificial oxidant (e.g. oxidation of primary and secondary 
alcohol to carbonyl derivatives with tetrapropylammonium perruthenate as 
catalyst). 
Finally, we have synthesized cavitand receptors decorated with substituents that 
can be used as ligands for catalytic metal centers. In particular, we have prepared a 
hybrid trimethylene-bridge dinitrophenyl Resorcinarene and we have installed in 
this functionalized cavitand two flexible arms (Salphen or Terpydine). These arms 
are located close to the binding site and will be used as ligands for the binding of 
catalytic metal centres. We plan to test these molecules for the acylation of choline 
with acetyl imidazole, in the case of the Salphen ligand, and for the epoxidation of 
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